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This report describes york carried out over the second year of support

under ONR Contract No. N00014-82-K-0339 which was for partial support of a

Center for Dielectric Studies at Penn Stat.. It Is very pleasing to be able

to report that over this year we have built up a truly National Center for

Dielectric Studies with ten major companies In full membership, and *elven in ,O

associate membership. The National Science Foundation recognizsed the Center " .

with a Centers Grant f nding. Over the year, the OffIce of Naval Research

also initiated or continued funding of eight associated programs on closely

related dielectric topics.

.This report focuses upon the parts of the Center program which have drawn

most extensively upon Navy funds. In the basic study of polarization

processes in high K dielectrics, major progress has boon made in understanding

the mechanisms in relaxer ferroelectric in the perovahite structure families.

A now effort is also being mounted to obtain more prociLe evaluation of the

internal stress effects in fine grained-3ift.. lelated to reliability,

studies of the effects of induced mscro-defects are described, and preparation

for the evaluation of space chargo by internal potential distribution

measurements discussed.

To develop new processing methods for very thin dielectric layers, a now

type of single barrier layer multilayer is discussed, and work on the thermal

evaporation of oriented crystalline antimony sulphur iodide describe.

In line with earlier reports, a brief narstive description is given of

ongoing work, and completed published studies are summarized in the technical

appendices. A cessii- For
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1.o am

This report describes work carried out over the second year of ONR

Contract No. N00014-82-0339 which was a funding is partial support for the

formation of a Center for Dieleetric Studies at The Pennsylvania State

Vniversity. It is very pleasing to be able to report that over the ourrent

contract year, from March 1. 1983. to March 1, 1984. the build up of a truly

National Center for Dielectric Studies has been accomplished. In March, 1983,

in response to a first solicitation, eight major companies case into full

membership and three into associate membership. August of 1983, following on

from a most useful planning grant, the National Science Foundation (NSF)

announced the award of a National Centers Grnet to Penn State, recognizing the

liitiation of a National Center for Dielectric Studies. By the end of the

calendar year. there were ten companios in full membership and five in

associate membership category. The current status of the Center. as of March

1. 1984. is summarized in Appendix 16 vhioh gives the names of all companies

in membership and their dosignatod representatives to the Center.

In parallel, and coordinated .with this effort, the Office of Naval

eosearoh has now funded eight associated programs on topics doaling primarily

with the reliability of multilayor capacitors (MLCs) and their dielectrics.

Work statements for the associated programs are given in Appendix 17.

Zarly in the contract year (May 24th and 25th), a preliminary *0
organizational meeting was hold with the Industry representatives at Penn

State to plan in more detail the structuring of the Center, and the

qualifications and oonditions for Industrial membership. This planning

process was concluded at the Annual meting of the Center hold November 7-9.

1983. This Annual Nesting was also coordinated with one full day of

presentations on the associated programs.

,1 -.



In the following report, those parts of the Center program which have

drawn extensively upon 013 supporting funds are highlighted. Following the

established practice for ONR reporting, work in progress is covered in a

compact narative style. Completed studies are attached as technical

appendices.

2.0 SUEAI! W TRMUICAL ACIR N. r

Topics for study eore initially classified broadly under the titles Basic

Science, Evolutionary Studies, and Revolutionary Approaches.

2.1 Basic §IMa&

A problem which Is necessarily of major concern is that of the

polarization processes which contribute to the high dielectric polarizability

in the forroelectric type dielectrics which are of fundamental importance to

. the compact high capacitance NLCs. As was indicated in our first report, to

make use of and build upon the foundation of earlier Navy sponsored prograns#

a major topic of our interest has been the forroelectric relazors,

ferroelectrios with diffuse phase change at To which have also been of major

Interest as electrostrictive displacement transducers, but which because of

their very high permittivity begin to find significant interest as capacitor

dielectric$.

lere, however, the emphasis of the work is in developing basic

understanding, and we believe that by a combination of approaches the group

has made an important stop forward in understanding these unusual relaxor

systems.

It would appear now that in the systems, lead scandium tantalate, lead

magnesium niobate and its solid solutions with load titanate, and in the

higher lanthanun containing lead lanthanun zirconate titanates (PLZTs), we can

trace out the evolution of developing order from paraelectrio, through

2



superparaoletria. critical superparaoleetrioity Lto the final ferroelectris

ordered state. A discussion of these phenomena was given at the fall meeting

of the American Ceramic Society in Grossingers. Nt. A note complete summary

of the evidence is give in the following.

A second very basic area of study has boon concerned with a refined

treatment of the effects of grain size upon the dielectric properties of pure

BaTiO3 ceramics. To permit am update and extension of the original simple

Duessem. GosVami, Cross (BG) internal stress model a refined thermodynamic

analysis is being carried through is cooperation with the Coramics Department

in Leeds University. To permit description of the very wide temperature range

now covered by the note recent Japaneoe experimental datad) the Gibbs Free

Enorgy function has been ezpanded to include all symmetry permitted sixth

power term in electric polarization.

To check the validity of the proposed function, it has boon used to

predict the electric field dependence of the forroeloetrio:forroolectric phase

transitions, and gives excellent agreement with the experimental data by

Fosenko( 2 ).

To identify the average stress levels which occur due to the absence of

900 twins in the fine gai size ceramics, now x-ray measurements coverin8 the

temperature range down to 40K are being carried out in Oxford, and the

modified spontaneous strains compared to the strains in free powders. The

measured strain will be converted to stress using the knows elastic constants,

and the modified permittivity calculated in tetragonal, orthorhombie and

rhoubohodral phases using the improved therkodyamis function.

2.2 Ivolntionnr Abefoaa"

In the evolutionary approaches, two studios are involved. As a first

attempt to provide ozporimental data for model studies, plastic inserts in the

3
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grsse tape have been used to induce voids and delaminations of ontrolled

shape and their influence on the dielectric properties studied. For the

second, we are setting up to measure the potential distribution in 'thin'

dielectric shoots by using probing electrodes tape cast Into the multilayer

structure. The former work has been completed and details are given in the

N.S. dissertation of David Bardy, the abstract for which is included as a

technical appendix. the latter study is now at the stage where the measuring

equipment has been completed and first samples are now being studied.

2.3 Revolutionar Studies

For the revolutionary approaches, two topics ate again of special

interest. In the first, we have been exploring techniques for evaporating

thin films of the ferroelectric antimony sulphur iodide (bSI). The very low

melting temperature of SbSI suggests that crystalline films may be deposited

upon quite low temperature substrates. Initial studies have shown excellent

promise, but are plagued with problems of reproducibility. The second study

concerns an imaginative approach to developing a maultilayer barrier layer

capacitor. Rather than trying, with many other groups, to make a grain:srain

boundary structure of a size which can be accommodated in the very thin

dielectric layer of the NLC we have gone to a modification of the Corning ACE ,..

process to inject a fritted silver electrode into a reduced 3aTiO3 body so as

to form surface barrier layers on each of the thin reduced BTiO3 layers.

Effective Internal surface barrier layers have been demonstrated, and

very high volumetric officiesncies appear possible if the Injection technology

for the electrode can be Improved.

4
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2.4 Publications and Presentations at Meetings

Over the current contract period, the followinS papers have bees

published or accepted for publication.

,: 1. S.L. Swartxo T.l. Shrout, V.A. Schulze, L.l. Cross. 'Dielectric

Properties of Lead Magaesiau Nlobate Ceramics.' 7. Amer. Caram. So.

67:311 (1984).

2. D.J. Voss. S.L. Swartz, T.3L Shrout. 'The Effects of Various B-Site

Modifiors on the Dielectric* and glectrostrictive Properties of Lead

Magaesium Niobato Ceramics.' Ferroolectrios 50:203 (1983).

3. T•R. Shrout. S.L. Swarts. I.. ens. 'Dielectrio Properties in the

Pb(FOl/2Nbl/2)03:]PnNil/$Nb2/303 Solid Solution System.' Bull. Amer.

Ceram. Soc. (Teme, 1984)o in press.

4. Yao Ii, Chen Zhili, L.B. Cross. 'Polarization and Depolarization

Behavior of lot Pressed Lead Lanthanm Zircos tO Titasato Cramies.' 1.

Appl. Phys. 54:3399 (1983).

S. Chou Zhill. Too Ii. LB. Cross. 'Depolarizatio Behavior and Reversible

Pyroelectricity In Lead Scandium Tastalato Ceramics Under DC Bias.'

Ferroolectrics 49:213 (1983).

6. Che Zhili, Tao Xi, L.l. Cross. 'Reversible Pyroelootric Effects is

Pb(3eIj 2Ta1 /2)O3 Ceramics Under DC Bias.' Forroolectric Letters 44:271

(1933). .

7. Tao 11, Chos Zhili, L.L Cross. 'Polarization and Depolarization

Behavior im lot Pressed Lead LasthaIam Zirooaate Titanate Ceramics.'

orrooleotrics $4:163 (1964).

8. A.J. Bell. LI. Moulsos. L.E. Cross. 'The Effect of Oral Size on the

Permittivity of BaTiOg.' Ferroeloetrics

......................... ....



9. A.1. Be11. L.E. Cross. 'A PhanomeaologiLeal Gibbs Function for DaTiO3

Giving Correct I Field Dependence of all Forroeleotrio Phase changes.'

Ferroelectrics (in press).

10. P.1. Shosh. A.S. Ihalla, L.I. Cross. 'Prepazation and Electrical

Properties of Thin Films.' Ferroelectrics 51:29 (1983).

11. Zhang. Liaagying, Tao Ii. N.A. Molinstry, L.I. Cross. 'Quasi Static

Capacitance ad Ultra Slow 2elazation of Linear and Nonlinear

Dielectrics.' Ferroelectrics 49:7S (1985).

12. A.S. Dhalla. C.S. Fass . Cross. Tao Ii. 'Pyroelectric Properties of

Modified Triglycine Sulphate Crystals.' Ferroelectrics 51:9 (1933).

13. C.S. Fang. Tao 11. A.S. Dballa. L.I. Cross. 'The Growth ad Properties

of a Now Alaaia ad Phosphate Substituted Triglycine Sulphate (AIGSP)

Crystals.' Ferroelectrics 51:9-13 (1983).

14. D.C. lardy. M.S. Thesis is Ceramics. 'The Modeling and Effects of

Kacrodefects in Monolithic Capacitors.' The Pennsylvania State Uaiversity

(Dec. 1983).

The following papers were presented at National ad International

Mee ting s.

ANNAL NEU=S W IM AMCAN CRMAMIC SOCIMT

CNIGMUO APRI 1953

1. ILI. Newalan. Keynote Address: 'Structure-Property Relations in

Nultilayer Ceramics.'

2. N.J. Bass, S.L. Swartz, T.l. Shrout. 'Dielectric Properties in the

Pb~e13N213 3-Pbi 11 lb1 205 Solid Solution System.'

3. S.L. Swartz. D.J. Voss. T.L. Shrout. 'The Effects of Various Additives

on the Dielectric Properties of Lead Magnesium Niobate Ceramics.'



4. D.C. lardy. G.L. Massing. WqA. Schulze. 'Defect Modeling In DaTiO3

Monoliths.'

S. C.S. Vaal. ZJX. Chan. L.E. Cross, A. Ihalla. 'Growth and Properties of

Lithum-Doped 70S Crystal.'

XNENATICKAL SYMPOSIUM ON APPLICATIONS OF FERROBECTRICS

ISAl 33 tap GAITERSBUNG. VASIOTON. JUNE. 193

6. D.J. Voss. S.L. Swartz, T.L. Shrout. 'The Effects of Various B-Sit.

Modifications on the Dielectric and Electrostrictive Properties of Lead

Magnesium Niobate Ceramics.'

7. P. ghosh. A.S. Bholla. L.E. Cross. $Preparation and Electrical

Properties of Thin Films of Antimony Sulphur Iodide (SbSI).'

S. C.F. Clark, I.N. Lawless, S.L. Swartz. 'Quantua-Ferroeleotric Pressure

Sensor.'

9. C. Zhili, Y. Xi, L.E. Cross. 'Pyroelectri. Property of Pb(Sol/ 2 Ta 1 / 2 )0 3

Ceramics Under DC Bias.'

10. A.S. Dhalla, I.E. Newnham. 'Low Temperature Pyroelectric Properties.'

11. C.S. Vang. Y. Xi, Z.I. Chen. A.S. Dhalla. L.E. Cross. 'The Growth and

Properties of a New Alanine ad Phosphate Substituted Triglycine Sulphate

(ATOS?) Crystal.'

FALLMN OF MMChN CERAMC SOCIETZ

GIOSDtERS a. SDTMII. 193

12. L.E. Cross. 'Relazor Ferroelectrics.'

13. X.V. Diggers. 'Center for Dielectric Studies at The Pennsylvania State

University.
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3S.0 BSIC S==

3.1 Rblaer Perroolectrica

3.1.1 Itroducion

Over the last 40 years, an excellent detailed picture has emerged as to

the manner in which cooperative ferromagnetic order builds up as the size of

'clusters' of interacting Magnetic spins increase. For simple atomic species

like iron WFe), the picture is both qualitatively detailed and quantitatively

precise. Proceeding from the isolated weakly interacting spins of the

classical paramagnet, the qualitative picture of ordering as the cluster size

increases Is depicted schematically in Figure 3.1.

In the dilute system, the magnetic field must compete with the

randomizing action of thermal notion and the level of imposed magnetic order

is very weak as evidenced by the very low susceptibility of the weak

paramagnets. If. however, magnetic ions (atoms) cluster as in very fine (50A)

iron particles. (A) or for ezample by fluctuations in site occupancy in a

cobalt zinc ferrite (B), at a critical size the spins ferromagnetically couple

to form a large magnetic Moment. Since, however. the magnetic anisotropy

energy Is lower than the energy of ordering, the spin cluster (and its larger

moment) are unstable against thermal fluctuations.

The ordered spin cluster then behaves like a 'super dipole' since the

1.1 term is now much larger than 3.m for an isolated spin, applied R fields

an indues larger magnetic moments. higher susceptibilities, hence the term

superparanagnet.

It may be noted that in contrast to more ordered states, when the field

is removed, thermal motion will completely randomize the cluster moments and

no renanesse will occur. If, however, the density of spin clusters is

increased, again above a critical value cooperative interaction may occur, so

that the clusters themselves now order giving critical super paramagnetism,

, •,"



FERROMAGNETIC ORDERING

Steps In the build up of magnetic order In different systems well characterized

Individual spin moment m
b Thermd herhermol

'@ tH 04 Dilute Paramagnet
A. Spin clusters can

be in very fine
Thermal Thermal ferromagnetic

" "N .particles e.g. Fe
Super Paramagnetic r•

B. Due to fluctuations
Large moment M ofSpin cl stern ordered cluster in site occupancy

as In Cobalt Zinc
Ferrite

Critical SPM

(R 0. Very weak

NAbrupto
Doman e wall$ _L-'Domain waits Ferromagnet

MjMs ,,.,

M I

Large ordered domains

Figure 3.1. Schematic illustration of the build up of magnetic ordering
with spin cluster size.
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where a weak but measurable resanence will occur. Finally. one may expect

that in a uniform system, where the spins are positioned on a lattice of

suitable dimension for exchange coupling, the phenomena of normal

ferromagnetism will occur where the ordered state is characterized by

homogeneously magnetized domains separated by relatively narrow wall regions

where the spins reorient continuously and over a short distance from one to

the other direction of magnetization.

In a forroolectricity the qualitative and quantitative picture of how the

cooperative order builds up with size is nowhere oar so complete. AS

It is clear that in many ferroelectric systems, long range dipole:dipole

fields play a most important role in do-stabilizing the paraolectric form. but

the exact balance of ordering forces is still unclear even in simple proper

forroolectrics. Unfortunately, the dipole:dipole field is such weaker and of

longer range than exchange interaction, so that the role of free poles and

* consequent depolarization fields is correspondingly sore important. To have

no convincing evidence of ferroolectricity in amorphous or glassy systems and

at least in the oxygen octahedron proper ferroolectrics a rather clear

indication that one mode of deformation of the crystal lattice (the soft mode)

carries most of the action for ferroelectric ordering.

Clearly, the problems of achieving proper size and scale are much more

acouts in the ferroelectric compounds than in some of the simple elemental

magnetics. Question of how the chemistry and the surface structure change or

reconstruct suggest that simple comminution to small nanometer size particles

will be fraught with difficulties. In seeking to establish in analogue

fashion the build up of ferroelectric order, it would then appear that a

crystalline alternative (like type B in Figure 3.1) would be the most

profitable to explore.

10



3.1.2 lglaxors with Perovakite Structure

It has been known since early work by Smolensky in 1958(3), that lead

based perovskite type dielectrics with mixed cations of very different

fsrroelectrie activity on the B sites of the ABO$ structure, show peculiar

diffuse phase transitions. Perhaps the first well authenticated example was

1obgl/$ 3 Nb2/ 3 0 3 (PEN) where extensive work in the Soviet Union has docuented

(a) That the temperature of the dielectric peaks near OC is a strong

fSnction of measuring frequency, moving to higher temperature with higher

frequency. The lower temperature decay from the peak is also associated with

a maximum in s" (tan 6) suggesting relaxation character, in spite of the fast

that a' maximum is more than 20.000 and thus in the range expected for a

ferroelectric transition • - "

(b) Below the dielectric maximum, there is no evidence of macroscopic

anisotropy and single crystals of PMN still appear cubic to both optical and

x-ray test"s ) .

If. however, the crystal is cooled in a strong I field, macroscopic

anisotropy is evident and the crystal may be left remanently in a state of

rhombohedral symmetry much like BaTiO 3 below -9006
6). Moreover, abrupt

reversal of the field produces switching by a domain wall notion as in

conventional ferroeleotrics. However, re-heating the poled state produced a

loss of all remanerie at temperature well below T the dielectric maximum (7 ).
a0

(a) Detailed annealing studies show no evidence of long range order in

the cation CNg:Nb) arrangement upon the B sites. and one must presume that

statistical fluctuations in site occupancy destroy perfect periodicity in

these Crystals (8).

It was recognized quite early that in these diffuse transition materials

composition fluctuations could lead to a distribution of local Curie

temperatures and to the co-ezistence of polarized and unpolarized regions over

11. *
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a ranse of temperature around To, however, until recent work by Nave Setter in

this Laboratory, the crucial role of the fluctuations In cation occupancy was

not proven. 0

To verify superparaelestric behavior, two features must be proven.

(M) That there are polar micro-regions co-existing with a nonpolar

matrix. A

(ii) That the local electric dipole moments of those ordered regions are

not fixed in space but are modulated by the thermal field.

3.1.3 Rvidame for Seasme raeletriaity In Relaxer Ferroelectrias

3.1.3.1 at Penn Stats. To prove the important

role of fluctuations In cation occupancy on the B site of the lead based

perovskite relaxers it is worth reiterating the experimental data of N. Setter

upon the material Pb(Sol/2Ta1 /2 )03 (PST). Prom a careful tabulation of

crystal chemical data for many perovskites with mixed B site cations. Nava was

able to predict that PST would be right at the bound between structures in

which the 3 site ions are ordered on a suporlattioe and structures in which B'

and I'' are statistically disordered ( 19 .

The important results from Nava's work in NRL(1 0-1 2 ) on PST are

summarized in Figure 3.2. She was able to show by z-ray studies that in PST

quenched rapidly from high temperature So and Ta ions are disordered as in

3.2(b) while by long annealing at temperatures of order 10000C the Sc:Ts

suporlattice structure of 3.2(a) could be built up to better than 80% order.

lero at last was a vehicle upon which to prove oonclusively whether short

range (100 to 1,000 A) fluctuations control the properties, and the answer is

unequivocal. Dielectric properties of the ordered struoture are those of a

conventional ferroeloetrio with sharp first order phase change and an abrupt

loss of Ps and optical anisotropy at Too The disordered crystal at identical ALI'

12
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Thermal Annealed State Quenched State

tt

Cubic pervite structr of 0 ordrd (a) and
disordered (db), 8 ), Hr c.0-T

ad b.The d okr line showlthe unit cell In

Normal No macro order
Ferr~ctri -*OOptically cubic

Figure 3.2 Evidence from work on lead scandium tantalate.
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composition, however. shows classical relaxor behavior with a dielectric

maximum whose temperature depeads markedly on frequency, which has the

associated lower temperature loss maxima ad the expected loss of remaaeace at 1

temperature well below To as evideaced ia the optical anisotropy. As ia

PEN. PST Ia the disordered cation state shows ao optical or x-ray anisotropy -

* If cooled without field, but a clear rhombohedral structure if cooled under

bias. The ordered material, however, develops a maorodomaia structure

immediately below To with the expected rhombohedral aisotropy. The f iadings

are summarized Ia Table 3.1 aad the evidence is very clear that if the

statistical fluctuatioas La $o:Ta distribution of the disordered state are

removed by amnealiag to form the perfectly periodic lattice of Figure 3.1(a)

the relaxatioa (diffuse traasitioa) behavior is lost.

Ia all very high permittivity parselectric dielectrics. there will be

fluctuations La the local dipole moment due to thermal motious which will

become quite large as the system approaches its Curie temperature. For the

ordered PST structure. since the lattice is perfectly periodic ad all

superlottice cells are ideatical iu sake up. those fluctuations must be random

Ia both space &ad time, ad up to the sharp Curie temperature To h tm

average of P at ay location Ia the crystal must go to zero. Similarly, below

Tthe structure will develop a spontaneous polarizatim ad the time average

of P at all locations will be acm-zero.

For cation disordered PST however. oue unit cell is act ideatical to its

aeighbor either La composition or dimeasions, and special homogeneity is lost

over regions of order 100 to 1000 A La size. Due to differeaces ia

compositioa, these local regions will have differeat Curie temperatures and

even at temperatures well above this Curie regioa. the special homogeneity of

the fluctuatioms will be lost.

14



CONCLUSION e
In PbSc ,,Ta,,2 O:

For the Annealed Cation Ordered State - no cation -
composition fluctuations

Normal Ferroelectric Properties
(I) Sharp Ist order change at To
(2) Stable remanent polarization
(3) No frequency dependence at radio

frequencies in ferroelectric state
(4) Stable birefringence

(5) Rhombohed
For the Quenched Cation Disordered State - must have
statistical fluctuations in Sc:Ta. distribution on B

Superparaelectric Properties
(I) Diffuse phase change

(2) No stable remanence
(3) Strong frequency dependence

(4) No stable birefringence
(5) Cubic macro symmetry to both

X rays and optical frequencies
In Perovskite PLZT 8165335

Demonstrate Critical Superparamagnetism

Table 3.1.

. . . . . .-- .



In these cation disordered ooopositiouo, a critical question concerning

the analogu, with superparamagOtion is the following: Is a loe region of

high To. oce the polarization eases to fluctuate periodieally through zero,

does the vector stabilize In orientation to form a miorodomail. or does the

orinstatio of the vector ooatiaually change in response to thermal

fluctuations as in the suporparamaget."

More recently, to explore this important question an extensive series of

measurements have been made of the polarization and depolarisation boavior of

PST.

It is clear from Figure 3.1 that after cooling under DC bias. both cation

ordered and disordered PST samples build up a substantial resnent

polarization, however, on heating the temperature dependence of Pi is quite

difforent. The ordered samples retain high remanenee up to To while

disordered samples lose all resanoncs at a temperature well below Te as judged

from the dielectric maximum. Measurements by the Byer-Roundy ( 13 ) techaique of

the pyrooloetric response confirm these differences (Appendix 1) and suggest

that the polar micro-regions formed below To have a rause of temperature over

which their P8 Is not stable in orientation, ie. the crystal can be poled to

a substantial pyro-cofficient, but after removing the poling field most of

the pyroelectricity is lost.

In many macroscopic forroelectris, it may be observed that Pi is not

stable at temperatures close to TO as the poled sample breaks up into domains

of different orientation. The data presented clearly show that P. in the

polar micro-region is not stable over time, however it does not distinguish

whether the mechanism by which remanence is broken up is superparaoleotric or

Is one of domain instability close to the local To .

A farther test which tends to confirm suporparaclectricity is the

measurement of the ZAzalk" build up and decay of polarization under DC bias
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with very weak thermal cyoling (Appendix 2). The technique used here was the

Chynoveth ( 1 4 ) method of measurement in which a tiny flake of the sample is

cycled over a minute temperature range at 5.5 Es using a chopped Infrared

heating. Forroolectric domain motion Is hysteritic, and for very small

thermal amplitudes it should not contribute to the reversible pyroelectric

response. Superparaolectric thermal disordering Is however reversible, and at .

the low cycling frequency used in the Chynoveth experiment, it should

contribute a substantial extrinsic component to the pyroelectric response.

Figure 5 in Appendix 2 shows the very strong enhancement of pyrooleoctric

response evident in disordered PST as compared to the very small effect in an

ordered sample. Strong evidence that at least part of the disordering process

is reversible and thus is not likely to be domain originated. .D

3.1.3.2 lork Unon PLZT Relaxors. In view of the importance of

polarizatioa:dopolarization studies for the characterization of

supesrparasleotrioityo it appeared worthwhile to extend our studies to the lead

lanthanu uirconate titanate (PLZT) family in the range of compositions beyond

7 mole% La2O3 where there is obvious relaxation character in the dielectric . .

response.

The 7:65:35 and 8:65:35 PLZT compositions which exhibit the so called a:P

phase transition( 1 5 ) at a temperature well below the dielectric permittivity

maximum were the first object of study (Appendix 3). For the 8:65:35 it is

again clear that cooling from high temperature in the absence of any electric

field no macroscopic phase change appears and the ceramic is effectively cubic

for both x-ray and optical probes. Cooling under even weak field, however, (3

kVom) leads to a rapid build up of remanent polarization at temperatures near

SOOC (the so called a-$ transition) which persists to all lower temperatures.
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It is important to note that this poled state is completely non-dispersive in

dielectric response in the radio frequency range.

Applying a moderate field (less than 8 kVem) to a freshly dopoled sample

already cooled to -75eC does not, however, remove dispersion. but leads to a

now dielectric change to the non-dispersive state on heating. This

'transition' moves to lower temperature with either increasing field or

decreased heating rate. Again the dielectric change is associated with a very

obvious build up of a macroscopic remanent polarization (Appendix 3).

These unusual behaviors can we believe be accounted for very nicely by MAL

the model of suporparasl*otrioity. It would appear that in the PLZT,

ishomogeneities in the La, Pb and vacancy distribution lead to compositional

heterogeniety and a distribution of Curie temperatures leading to the diffuse

transition near To. In the Curio range, we suppose that the polar micro-

regions are suporparaelectric, but freeze out into a random ensemble of

mierodomains at the very low temperature. Clearly the average scale is such

that the domains are below the resolution of the optical microscope or the

coherence length of the x-ray. Presumably some micro-regions (presumably the

smallest) retain mobility even at low temperature and preserve the dispersive

character of the permittivity.

Under moderate electric field applied at high temperature, it would

appear that enough order is superposed in the temperature region near 8OOC

(some 356C below To) that the micro-regions build up into stable macro-domains

which are stable to all lower temperatures. At very low temperatures in

depoled samples, presumably the polar micro-regions are frozen out into an

array of polar microdomains and the field is too weak to impose order. On

warming however, thermal motion imparts mobility to the domains and macro-

order can be built up. As would be expected, the larger the field and the

is



laonger the time, the lower would be the temperature at which the macro-ordered

state could be built up.

The qualitative behavior Is close to that whish would be ezpected for

critical superparaoleetrioity, with the mioro-regions now at a concentration

on the brink of generating macroscopic ordering.

Studies extending measurements to samples in the range from 7 to 9.5

sole% La 2 03 give what appears to be a continuous spectrum of response from

superparaelectric to critical suporparaolootric to forroolocttic behavior

(Appendix 4).

Studies on those materials are now being extended to Investigate their

oleotro-mechanioal and oloctro-optio character so as to obtain more

Information on the polarization process.

3.1.3.3 Nature of the Phase Changes in Perovskite belaxors. It is

perhaps Interesting to speculate as to the proper terminology for the

polarization processes in these mized cation relaxors. In the evidence from

Nava Setter's work, the scale of compositional heterogeneity, and conseqaeat

To modulation appears in the range 100 to 1000 A. at the edge of what may be

properly characterized as a separate phase. Clearly, on this scale, when the

micro-rtion changes from a non-polar to a polar condition a phase change must

have occurred.

On a global scale of say 1 cc of the material, however, no clearly

identifiable ohange has occurred. The polar micro-region is constantly

reorienting so there is no acro-polarization, no macroscopic structure change

and no abrupt ohange in any measurable extonsive variable. For this 1 cc

scaling, clearly the poling field is the agency which effects a phase change

inducing a lare (at low temperature stable) macroscopic polarization, and an

obvious macroscopic structure change.
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For the 8:63:35, on the global scale cooling under no field clearly traps

the system in a metastable cubic state (macroscopically) and a shift to the

more stable ferroolectric polar state can be induced by high E fields. A

phenomesnological thermodynamic model which quite properly treats the system in

this way has been recently published by ouker (1 6 ). We believe there Is

absolutely so conflict between this model (for the equilibrium properties) and

the microscopic model proposed here.

As with all thermodynamic models. the contribution to basic understanding

is excellent, but the contribution to the understanding of the dynamics is

minimal and the sore detailed microscopic model is necessary to understand the

relaxation behavior.

3.2 Practical Relaxor Dielectrics

3.2.1 Lead Nasaecium Niobate Based GCoitions

Am important contribution to the ase of relaxer lead magnesium siobate in

electrostrictive micropositioners and in dielectric application has been the

development and documentation of a process for fabricating this material in a

form free from the troublesome pyrochlore phase. Details of this work are

given in Appendix S.

In brief summary, both PbN,/1SNb21 $O$ and its solid solutions with PbTiO3

can be prepared in pure perovskite form by using a NgNb206 columbite structure

precursor in the calcining reaction, and by adding a small excess of NsO.

Permittivity values at the peak in excess of 18.000 for PMN and 31,000 for PN.

+ 10% PT can be realized using a small excess of NgO and a firing schedule

which increases the grain size.

In a second more recent study, Voss, Swartz and Shrout (Appendix 6) have

examined the effects of a wide range of minor aliovalent additives to

Pbl/3Nb2/303. Briefly summarized, their conclusions are
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(1) Additives which raise the Curio range (T*) also raise the peak

permittivity.

(i) Wigh permittivity samples all show high dielectric saturation under

DC bias.

(Iii) No general trends as to the effets of ionic size spon diffuseness

of the phase change could be adduced from these studies.

(iv) In general, more diffuse phase transitions load to lower values of

the eleotrostrictive 4 1 2 oonstant, but may be advantageous for the field

related 112 of importance for micropositioners.

3.2.2 Lead Iron Niobate:Lead Nickel Niobate

Results of a preliminary study of the x(Pb(Fo 1 /2 Nbl/ 2 )03 ) -

(1-z)Pb(Ni1/3Nb2 /$)0 3 PN:PNN solid solution has been completed (Appendix 7).

Compositions with x 2 0.6 were found to densify at sinteri g temperatures less

than 1000oC and to provide peak dielectric-relative pormittivities K' ) 13,000

and relatively low temperature coefficients of capacitance change. Additions

of small amounts of MW were found to increase the resistivity markedly and to

reduce dielectric loss. Small addition of PbTiO3 raised the Curio temperature

&ad Increased the maximm permittivity.

3.3 grain Size affects in Pure BaTiO3

Following the methodology outlined in the previous report, a more refined

thermodynamic function is being developed to describe the single domain

dielectric piezoelectric and elastic properties of BaTiO 3 over the whole

temperature range from well above the Curie temperature T. to absolute zero.

This work is In cooperation with Dr. A.I. Noulson and his student A. Bell at

Leeds University.

Progress to date has included the refinement of the Duessen, Goswami.

Cross Elastic Gibbs Funotioa ( 1 7 . 1 8 ) by including the last permitted sixth
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order term (EPiM) which was omitted from their function. Choosing a value

of I - 4.91 x 109 Vo - 5 . the function now predicts all the lower temperature

phase changes in their correct locations. As a check of the validity, the -

high electric field (field along 100) effects upon the temperatures of all the

phase changes have been calculated and compared to recent excellent

experimental data from Fesenko et al. The agreement between calculated and 0

observed shifts is excellent. An unexpected prediction from the

phenomenolohical calculation is that the pyroelectrio effect in the induced

tetragonal phase below OOC should change sign at high B fields. Experiments

are being planned to check this prediction. A more detailed account of this

work is given in Appendix S.

As a first exploratory study of the effects of internal stress upon the 4-

single domain dielectric permittivity, it was assumed that the internal stress

would be proportional to the square of the electric polarization

-Lj -K 8ijklPkP1 l

and I was taken as the arithmetic mean of the three principle pertittivities.

Under these assumptions of K. values of 0.052. 0.082. 0.205 in tetragonal,

orthorhombio and rhombohedral phases, respectively, mean permittivities up to

s - 6.000 occur near room temperature and the shifts of the

ferroeleotrio:ferroelectric phase transitions appear reasonable. The shift of

the Curie temperature is a little larger than expected, but this is probably

because of the sharp first order phase change which is assumed in the model,

but is much rounded by local inhomogeneous stresses in the finer grained

ceramics. More details of this work are given in Appendix 9.

Clearly assumptions as to the proportionality of the stress and

polarization squared are highly suspect so that the data in Appendix 9 are

22
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just a first out at the problem. Than the more rofined x-ray-data becomes

available from measurements on ceramics and powders, it should be possible to

deduce the actual average stress levels and thus to make a more quantitatively

exact analysis.

4.0 VGLIOM APPROACHES.

4.1 Effects of Ssace Charse on Alectrical Degradation in BaTiO3

Earlier studies upon the offets of space charge in ILCs (Sohulzo
(1 9 ))

have suggested the need for a more precise evaluation of the nature and

distribution of the charges involved. From the earlier study, it was

speculated that the charge at lower temperatures was dominantly ionic and the

most probable transporting species anion (oxygen) vacancies.

In the present proposed experiment, DC leakage current and potential

distribution will be monitored simultaneously. An experimental aparatus has

been designed to accomplish the monitoring using up to 10 carefully buffered

potential probes which will be embedded in the sample at various distances

from the active current electrodes (see Figure 4.1).

Samples for this experiment will be formed by tape casting the desired

dielectric formulation into thin sheets, then laminating and firing the shoots

to form a monolithic structure with the noble metal probes internal to the

block. Initial studies will be concentrated upon high purity barium titanate,

using high purity commercial powders and powder to be made at Penn State by

the liquid mix process. Potential distribution and leakage current will be

followed as a function of time at fixed temperatures. In later studies when

the bounds of the mothod have been explorod, we propose to vary the

stoichiomotry Ba/Ti ratio, examine the effects of dopants. electrode

compositions, porosity and defects, eto. Earlier studies showed clear

ovidense of effective blocking of current flow at the lower temperatures. By
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Figure 4.1. Schematic of the measuring system.
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these experiments, we may decide at one between bulk and grain:Srain boundary

blocking and identify the regions of high and of low field directly.

At the present time, the experimental equipment has boon built and

tested, the software is written to enable complete computer control of the

data acquisition. Initial samples have been fabricated from pure BaTiO 3 made

by the liquid six process, and studies are now nearing completion to ascertain -

proper firing schedules for these internal probe multilayer structures.

4.2 faorodefects in naltilavor Ceramics

An initial study of the effects of introducing macroscopic defects O

deliberately into ULC structures by using burnable. plastic inserts has now

been completed by David Hardy, this work was submitted for the 1.S. degree in

Solid State Science. The title and abstract for the thesis are included in

Appendix 9. In very brief summary, it was shown that the macro-voids which

were within the dielectric layers had an effect on weak field permittivity and

loss which was Indistianguihabl. from normal density defect due to accidental 4

micro-voids and pores. For voids of different shape, spheres as expected

appear most benign and longer acicular voids nore lethal. An interesting

finding was that larger voids induced at the interface between electrode and

dielectric developed conductive surfaces during processing as evidenced by an

enhancement of permittivity at low field.

Detailed interpretation from these initial studies was difficult from

these initial concentration of micro-flaws in the dielectric and work is now

in progress to improve the processing and reduce this background defect level.

$.0 nZWOLM2=AR APPROAMES.l

5.1 Introductio

Iven superficial examination of the problems associated with developing .

capacitors of very high volumtric efficiency and compact form suggests that a
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continuing trend must be towards thinner and more perfect dielectrio layers.

In VLSI circuits the voltage levels are now coming down to -1 volt and even at

1 thickness of dielectric, the field (if uniform) is only 104 V/cm. It is t!.,

well known that in most dielectric systems (certainly in polymers and

ceramics) the breakdown field strength increases with decreasing thickness

giving an additional benefit for thin systems. *

For conventional ceramic processing, there is clearly still much that can

be done, but it is rather diffioult to believe that in any short tine, the

conventional processing methods can be improved to the point of generating

micron or even submioron films. There is thus a pressing need to begin to

explore alternative forming techniques for very thin dielectric films.

One method which is not at all now is that used in the old conventional

single layer barrier layer, where a glass fritted electrode is used to re-

oxidize the surface of a sintored pellet of highly reduced forroolectrio

dielectric. Zn the current single layer barrier layer, more than 93% of the

volume is occupied by useless electrode which simple acts as a padding

resistor. It was our thought that the single layer barrier layer could be

overfolded upon itself many times, by using a variation of the Corning ACE

process to make many closely spaced (rough) large area internal surfaces.

Potential advantages could be the self sealing offset of the frit stop which

would close cracks in the body of the part (now mostly conductor) and the

rather efficient short path between barrier layers in the semiconducting

titanate which would much reduce series resistance.

A second approach is perhaps more radical, but also more conventional.

The crystals SbSI is a well known uniaxial ferroelectric and has been the

object of concentrated research for many years. particularly in the USSL The

reason for our interest is the low melting temperature and high sublimation -
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rate in vacuum which suggest that crystalline films of SbSX might be

reconstructed upon substrates cool enough not to destroy a fabricated IC

.device.

5.2 Sinale Barrier Laver IMltilavrs

A barium titanate based composition containing neodymium oxide and

zircoia was chosen for the semiconducting ceramic. Noodyniu functions as a .

reducing agent to facilitate the reaction Ti4 + - Ti3 + + e- and irconiu is

used as a Curie point shifter. Normal tape casting was used to produce 15 al"

tapes for the semiconductor layers. Several methods were tried to develop the S

connected pore layers to interleave the semiconductor, the most successful

incorporated a burnable polymer with a lower level of semiconductor loading to

cast 7-8 nil thick sheets.

By careful regulation of the burnout, a suitably porous layer could be

interleaved between the semlonductor monolithic sheets. Sintering was

carried out in air at 13200C for 2 hours, followed by a reduction treatment of

850*C in (51 12951 N2) gas.

The fritted electrode was forced into the porous layer using a vacuum

chuck and positive over pressure. To form the barrier, the electrode was

sintered in air at 7800C.

Initial dielectric studies show that an effective barrier structure can

be fabricated which will maintain low power factor up to 105 Hz.

Capacitance/square is slightly larger than a comparable area disk monolayer

barrier layer duo to the internal surface roughness. Total capacitance scales

with the number of internal layers in precisely the manner expected.

Current work is concerned with improving the barrier capacitance and

breakdown strength lowering the loss level by making the junction nore abrupt.
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Exploring the temperature variation of capacitance to characterize the barrier

dielectric.

It is not intended to fabricate commercial typo layer structures, but

rather to completely and convincingly demonstrate feasibility and some of the

advantags possible with this structure so that commercial developers may take • -

up the extensive work required for comeorcial applicability.

5.3 Antimow Suluhur Iodide Thin Films

SbSI is a uniaxial forroelectric crystal with most unusual and

interesting dielectric, piezoelectric, pyroolectric and semiconducting .

properties. For these studies, thin films of SbSI were vacuum deposited by

thermal evaporation. A variety of substrates including glass, gold coated

glass, SnO2 coated glass and silicon have been used. Films deposited at about

8OOC shoved poor crystallinity but subsequent annealing either in a closed

container or in an iodine atmosphere produced highly oriented crystalline

films. Needle shaped crystallite, of order 0.2 ps in diameter can be

discerned in SE microscope images, and both SEN and x-ray diffraction studies

confirm a high degree of orientation normal to the film surface.

Dielectric measurements show a peak in the permittivity near 104C with

relative permittivity K - 470, giving an effective capacitance of 0.5 PF/om 2

and a loss factor less than 2% at frequencies down to 1 kz.

The re-crystallized films could be poled under DC field to exhibit a

substantial pyroeloctric effect which peaks near 106C confirming the

forroelectric character.

Current work is concerned with improving the reproducibility of the

deposition process and the possibility of using a heated substrate to permit

direct deposition of the crystalline form without subsequent annealing.

A more detailed account of those studies is given In Appendix 10.
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6.0 DIM, UTMIZ AIUNDW.

Extension of the low frequency measuring range using the quasi-static

constant voltage ramp method has temporarily stopped, pending the arrival of a

now electrical engineering fellow to take up these studies. Work described in

our earlier report was completed and is carried in published form as Appendix

11 to this report. It is anticipated that the work will be taken up again in *0

July, 1984, when the focus will be upon separating the reversible and

irreversible components of the polarization In soft PZTs.

Over the current contract year, the high frequency limitations of our

measuring equipment have been relieved by the acquisition of a Hewlett Packard

microwave measuring system comprising the 8350B sweep oscillator, with the

83592A plug in. this encompasses the range from .01 to 20 Oft. An HP 809C

slotted line, coupled to the 8755C sweep analyser and 8750 storage normalizer,. -

permit impedance measurements on suitable components at frequencies up to 20

Ga.

During the coming year, the Laboratory will receive the full Hewlett

Packard 8510T microwave network analyser, to permit impedance and full s

parameter measurement at frequencies from 45 mlz to 26 Of. In Zuly. we shall

be joined by Dr. l3m-Hun Kim. who is head of the In Department in Soang

University. Seoul, and an experienced microwave engineer.

Taken together with our PIT ultra-long wavelength IR spectrometer, the

Laboratory begins to have excellent measurement capability over the whole

electromagnetic spectrum.

7.0 m IMJ/.Til1[]lU

Over the contract year, personnel whose major commitment of time Is to

the Dielectrics Center program have participated in a number of interesting

subsidiary projects relevant to the pyroelectric behavior of ferroelectric •
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erystals (Appendix 12. ad Appendix 15), to the low temperature behavior of

ferroelestules ad the relevae of eleotrostriotia at thee temperatures. to

Pressure sessinS (Appendix 14).
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DEPOLARTATION EMIAVIOR AND REVElSIBLE PY OELECTRICITY IN
LEAD SCAIIM-TAUTALATE CERAMICS UNDERl DC StASES

CM[N ZIILI , YAO XZI AND L.E. CROSS
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

Abstract The depolarization behavior of ordered and dis-
ordered lead scandium-cantalace (PST) ceramics has been
studied by Byer-Roundy and Chynoweth method. A sharp decrease &P.
of the spontaneous polarization takes place in a narrow tempera-
ture range very close to the Curie temperature Tc for the
ordered PST materials. For the disordered PST materials, how-
ever, the depolarization cakes place within a wide temperature
range much lower than the temperature of maximum dielectric
constant Tm. Evidence of microdomain activities has been
observed in disordered materials. The reversible pyroeleccric
effect is discussed in terms of the micro-macro transition of
the domains in disordered PST materials.

tM OoCTT.Ot.

Earlier studies have shown that in the lead scandium-cancalace
Pb(Scl/2Tal/2)03 (PST) single cryscal and ceramics which are of
simple perovskice structure, the S-site cations in the A0 3 structure
are close to the boundary of order and disorderl. The degree of
ordering of the 3-site cacions can be controlled thermally. The
quenched materials with disordered structures are relaxor ferro-
electrics with diffuse phase transitions, while the well annealed
materials with ordered structure exhibit "normal" sharp first order
ferroeleccric transition. The dielectric and ferroeleccric proper-
ties of PST materials have been reported2 ,3 . The dielectric and
pyroelectric properties under DC biases have also been scudied4',  0
A reversible pyroeleccric effect under DC bias in disordered PST
ceramics has been explored.

In this paper, the depolarization behavior of order and dis-
order PST materials using both Sver-Roundy 6 and Chvnowech' method
are given. The ordering of microdomain region is believed to be jL-
responsible for the reversible pyroeleccricicy. The microdomain
activity in disordered PST ceramics is very- similar :o -hac explored
in PLZT ceramics

8.

*Visicing Scientist from Shanghai nscicuca of Caran i:s, Shanhal,
China.

**Visicing Sciencist -.om :ian :iaocon; ' 'ersi:-... ::an. China.
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EXPEIiLE AL PROCEDURES

Samle Preparation

Samples used in this work were prepared by conventional mixed
oxide procesuing. Scoichiomecric proportion of PbO, ScZO 3, Ta20 5
were ball milled in alcohol for 20 hours. The mixture was dried
and precalcined at 800C for 2 hours. After reground and pelletized,
the samples were fired at 1300C for one hour using PbO+PbZrO3 as .
atmosphere controller. A final sincering was performed at 1360C
followed by rapid air quenching to induce disorder structure. The
ordering of the B-sice ions was achieved by thermal annealing at
1000C for 24 hours. The degrees of ordering, S, for quenched and
annealed samples are 0.40 and 0.87 respectively. The final density
achieved was 94% theoretical with less than 3% weight loss. _-.

The samples used in depolarization studies were 0.2-0.3 m
thick with sputtered Sold electrode. The samples were heaced to
130C at first chen poled at 30'C, 20 kV/cm for 10 m n. and cooled
under electric field down to -700C. The temperature of dielectric
constant peaks of disordered and ordered PST ceramics are l.9*C and
17C at 1 KIz respectively.

Devolarization Measurements

For the modified Byer-Roundy method, the sample in series with
a bias voltage supply was connected co a picoammeter HP 4140B. The-
sample was heated Lu a temperature chamber, Delta 2300. Linear
temperature ramping with specified ramping race dT/dt can be
achieved under computec control us-nS the HP 9823A desktop compucer.
Pyroleccric coefficient, which is proportional to the thermal
current, can be measured directly. The depolarizacion curve can be
obtained by integration of the thermal current with respect to time.

A modified Chynowech method has been used in this work. The
sample in series with a bias voltage supply was connected to a phase
lock amplifier model PAR HR-8 through a preamplifier and a blocking
capacitor. The sample was heatedby a chopped light beam with chop-
ping frequency-around 5.5 iz. The pyroelectric signal, which can
be read from the output voltmeter of the phase-Lock amplifier, is 0
proportional to p/KCp, here p-- pyroelectric coefficient, K--
dielectric constant, Cp- specific heat of the sample.

EXPEIR1'ET AL RESULTS AND DISCUSSION

Figure I and 2 are the pyroelectric coefficiencs and .ievolari-
zacion curves of the ordered and disordered ?ST =aca-rals . ndar
different bias fields using the 3yer-R.oundy method. ;.1:.oujh the
spontaneous polarization of the ordered and disordered sa=ples are
che same, the depolarization behaviors are quite :df.eren:. 7-%r
the ordered sample, a sharp decrease of spontaneous polariza:4on
cakes place in a narrow temperacure range ver.- .ose :o :ho Curia
temperature Tc (17*C) at zerZ bias fi.aid. *Z-;her blas 1-0 -, Z
shifts the transition coward higher :,rpara:.-re. .owl:-r" :'"
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Figure 1. P.roelectric coef ficient (a) and depolarizatiLon •

curve (b) of ordered PST ceramics.

shape of the depolarization curve has no significant change. A
first order transition for the ordered material is quite evident.
For the disordered materials, the depolarizacion cakes place in a ,
wide temperature range much lover than the temperature of maximum
dielectric constant Tm (1.9C) at zero bias field. Higher bias
field also pushes the depolarization toward higher temperature
range. However, a sharp decrease of the spontaneous polarization
and an elongated tail section of the depolarizacion curve under
bias field are quite evident. The effect of the bias field is more0
evident on the temperature dependence of the py'roelectric coeffi-
cient as shown in Figure Z(a). Under zero bias field a concealed
terrace is clearly shown in the low temperature region of the pyro-
electric coefficient curve. Under small DC bias field, the con-
celed terrace disappears, the temperature dependences of the pyro-
electric coefficient become more "normal". En this respect, we can .
assume that a DC bias drives a diffused phase transition of a
relaxor farroelectric toward a normal first order transition.
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The depolarization curves of ordered and disordered PST
materials taken from Chynoveth method also exhibit the same
characteristic, as shown in Figures 3 and 4. A very sharp decrease
of the pyrosignal is clearly shown in Figure 3 for the ordered
materials, while a rather wide temperature range of the decreasing
of the pyrosignal is observed in Figure 4 for the disordered sample.

13.0

tU~. U

Figure 3. Pyrosignal of Figure 4. Pyrosignal of dis-
ordered PST ordered PST ceramics
ceramics (arbi- (arbitrary scale).
trary scale).

A smooth and gentle decrease of the spontaneous polarization
with respect to temperature change in the depolarization curve of
a relaxor ferroelectric is very important for the reversible pyro-
electric effect. It is in this temperature region that the highest
enhancement of pyroelectric signal of disordered PST has been
observedS.

The dacailed mechanism of the reversible pyroolectricity is
still not yet known, however, it is believed that the microdomain
activity is of vital importance.

In our early works, the evidence of microdomain activities in
PLZT ceramics has been given8 . The depolarization behavior of
disordered PST materials also presents apparent trace of :he micro-
domain activities. The splitting of highly polarized macrodomains
into random oriented microdomains may be responsible for the smooth
decreasing of the polarization and the appearance of the high
terrace of the pyroelectric coefficient at zero bias field in
Figure 2. A small DC bias field drives the random oriented micro-
domains into highly polarized metastable macrodomains keeing the
material in high polarization level. The DC bias also plavs as a
restoring force of the polarization during :emperacure "lucuaci.n.
Therefore, a high enhancement of pyrosiinal accompanied i-.-.
reversible effect results.

The kinetics of the micro-macro eransicicn of :he domains in
ralaxor !erroelaectrcs is another cr...al .oin: zor :he raversib:&a
.vroelectric effec:. :A .sorerad ?S: -azarta.s, :!.e - r.-nacr-
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transition is fast enough to respond to a temperature fluctuation
of 5.5 1z (about 200 mS), while under the same condition no rever- S
sible ferroelectric effect has been observed in PLZT ceramics with
composition 8:65:35. The experimental results u1 the kinetic
behavior of the micro-macro transition in PLZTs show that the
transition is much slower than that of PST materials. An interest-
Ing question is how fast the micro-macro transition can respond to
the temperature fluctuation. A detailed study on the kinetic S
behavior of the micro-macro transition of domains is now still
continuing.

SM21ARY

The depolarization of ordered PST materials takes place in a S
narrow temperature range close to its Curie temperature, while for
the disordered materials the depolarization takes place in a wide
temperature range much lower than the temperature of maximum
dielectric constant.

Evidence of microdomain activity has been observed in dis-
ordered PST materials. The micro-macro transition of domains in
relaxor ferroelectrics is believed to be responsible for the
reversible pyroelectric effect.
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PYweeA~lecd "Owl mis, DC bias to oberved In thermally queached diseedered,
emal. The largest ashmsecmat of the signaL appese at coaeg~aurese
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201 Prepeaao of Materials

£12 BOL" ve premaed by couvestiasal mixed oxide pmocessing from nolchlo-
ule pysevulumo of IbO, S6203?, 0 and Sb2 O. Compositions were ball .I.U..d In

aLeobal for 20 baeen. The altr wan duied, tIs caleined ftwo WW. ba " a:60C.
The calem.s powders were. tpgouedand peLlectsed. Them the pe~lltu wete fired at
LM'C for 0ne bout, useig IbZwO3 + Mb for aMGphere casUCaL. A 11ina slacaSlag
wa pesfaend a: 1IMOC followed by rapid qussehig to induce eke diaordeted s=116
two. The depas of ordetisM is the 3-el: catla veto controlled by ekezmaL &ada-

th ee sample at 10000C. FIal desluie achieved were 94% theovetioal, with so mte
OSha 31 weight less.

The degree of .Tdetlag was establiahed by coupeting baae and superlautice raflsa-
tuno Isssity in the s-say POWdet patternsad sing the WeLacles fair s dogts of
ordering S

M dogees of orderlas ane 0.87 for ek as eled at 1000C fatr 24 bouts sed
0.40 for d sheles queashed at IJ60C to wos. toevas wiLChi 20 aei&s.

2.2 Iyteelectrle Mossuuot by Cynoweth Nothad

Th p735..ina5 wete sessued by a modifed Chrmeth nochod. The schematic
circuit for messats to sbown Is figure 1. The setiee circuit cousitu of a bias
'eLta awpy, the semle, md a blb rsisance (1090) across which a pee-ealifler
wee eoseecied Via a blocking capciu (0.01 uf). The output of Che pt..mnpfier Was
cosmoeced to a phoso-Lock uVif lee model ?Al U-4. The sapicude of eke pyveelpaL
CM be teed fr.ee outu 'elmasuetW9 of thM phave-lo.k aplifier. A ?.hmuix" 343A
cathoe rey oscilLoeope warn $wed tsoniter the weve fors of te-pyroul~ual. A diak
radiauion ohopet was on" to osaroL die besting fvsquescy7 of Cho detctora so a to
be cLose to eke choxe sed. of operticon. Zna ma nde the pyrooLectric signal at

5APO tiP"t$V 0

FZOWN 74. Seml igi faaums.S-sml~V-bas sUMM~ 74

pte-q~Ufev; - ca~gig s i.
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iedfrequenc Is proportional to p/K%. here p - pyroelectric coatficlan, K -
dnletric couste.: Cp - s"ei bae of the ample.

to all te eeurimeats of this work the MI eepLes were about 0. 25 = in
thicnes. Circal" am e electrodes vere sputtered on to opposite faces of the
amles, the djmater of the electrode was about 5 so. Tbin silver leads were .

C attached to cb. gold electrodes by meass of air-drying silver past*. An infrared
projector Imp Van used as the beat source to modulate the ampnle tmngerature. A
Delt design HK 1300 eniroment chambe was used to ange the ambient ganPerature
about t"a beloneter chip.

figure 2 abase the pyro-stgal measured by Chymaveth mcethd for the disordered
and ordered MI ceramic amaes without electric bas. The tmperature rhage of mes-
surMs 4 U 700C abound the tangerature of the dielectric constat maxtimn ?, which

~1s 17 C for the disordered MS ceramic sangle, and is 17% for the ordered one
(7igure 3). It ia obvious f ron the figures that the "To-signal tar ordered sampled
to ebc larger than thee for the disordered one. The p7roeleccric signal as a Limeo-
tlm of bias field at verios tmeratures is show In Figure 4. If accurate absolute
pyreelectrIc esefftienas were needed, the pyro-sgaLs would have to be corrected
fer Zbe temperature Variatin of specific beat ad the sen-lisearity departure of the
rectMif.rm ats mall signal. These corrections ware net performed since only relative
agItudes are to be used and thee they would soe affect any of the i~nterpretations

and conelusions. It is clar that as the bias field, iacreaaes the pyroelectria
siLgnal of the disordered MS sample increases move significantly than the ordered
one. To "opeue the effaet of electric bias field on the disordered and ordered
mterls the eehsnement factor N,, which is referred to as the ratio of the pyro-
signal under a DC blee of 1.5 hV/= and the pyra-signal under a DC bias of 0.1 KV/en,
Is plotted as a function of the emerature difference T-Tn (71gure 3). Mie follew-
Ing featre of the euerinencaL results are obvtous a (1) The enhancean factor of
the pyre- siga under DC blas for the disordered aterial is higher than theat for
the ordered ean vithin the whole tanertur range of .easuresents. (2) The highest
semme factor ocs at the temperatures differentfraim Ts. for the disordered
amle the highest eahmnemset factor appears at the teraure about 21C below Te,
While few the ordered ample it appears at the cooerators about S*C above Te.

In contrest with. the results for the PST amples, the electric blas field ahovue
so signIcant affect on L*03 Winlle crystals, at UOC (7iu*O 6).

400

.40-0-2 a100203 3 -010 123

4.0w-

OP. M)MRM



3- WS .Z 3- .- N.

5000

18oc ; .- I0 MZ IS I.- I03 H2. ii-
-'3 "". 4 Z ""2-0'

KI 5000.e

500 

a c
S.. . . . , , ...., .-I0 -50 0 0 I00 ISO -(00 -0 0 80 100 '.0
TIMP'tATURE ('C) TdPMATURIE (*C)

1- I-I 3 NZ 13
3- 101 Z 3- ''S

0 .1 0 3 5- ". .Z

: ¢ ... ..............-.
0.0.000

-i00 -S0 0 0 00 ISO -I -5 0 50 Ica ISO
TIMPMATUNI ('C Wa TEIMATURE (OC)

MM 3. The o peratue devendecee of die.ec i cousamc K and Los manget 0 of
the disordered (a) "d ordered (b) PIT cermics.

3 . O.

%he amweumscal rem*ds presed aoe show Chat the DC bLn has a asth scronereffee qees the pyroemlsccr, behavior of disordered PST ceramic samples shan theordered oie. A eshmemea factor of 32 for the disordered PIT ample vws observed'm ie a bias fild of 1.5 UV/, while for the ordered oue the highest ahunces
faster is may S. Sies the pyro-signal measured In this work is proportious to the
reepresL of the diectrrice cousicn: . the decreasing of 9 wis resvect co DC bias
field fort he ordered and disordered 1IT4' should b. partiall3y responstble fort heabasemna of Cho pyo-sei'" mdudi DC biases. 3-lovver. she re. oL .he dic.Lectricugmes ,-nderm DC 6tases of 0.1 WI ad 1.3 Z /M isess thm within. the :ati -sagmerainre ragse of the semmuramnc4. ts would "ppea" "ha a new utriasic componentof raeisiMe pyoeoLetrsicixy todued by DC bias mass be resposible for the very sigWsst: akascomen of the pyre-signaL of she disordered PST ceramicas under DC bias.The dmini e of miroaemem La reliaxr ferrol.,crIcs La che tperacure region lower
chin the saperamwae of she dielectric miauomT,& i suggested to be the origin ofshin wm mccrasio couoame of she reversible pyrooLetricicy. Under XC bias fields.
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1WM 4. The pyreoLecta sigal a a function of Use field at varios couret-
ures foe the diorder" (a) and ordeTed (b) 1M crmics.
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soloifte ofte1sracdifernc Te5o h i- M . The pyheinsaci signal as a J~C~Z0W/M

orderud ami ordered MI fumeulos of bus fieald for LLAbO3
single crystals.

the Lanle "ipole inmms of the uictsdouslas, which are orieated ta a random way. will
anpehaee IdeaS orentming force ad build 49p Late ascwodomafts. Usie disorerinl~g
of the =Wat regfme Is a thowszatui procss. =al revesible toeate chage

so misase the sets of omes arSa de? and tbas contribute a now etrisic woe-
poems to the can~raeurn dependents of the Laduced polarization. to disordered MS
material. the direct ineaermsat of the pyroelectele coef ficleac by Syee-Rondo tech- '~.

a"qu shows that the pyyoaeoctelc coefficient peak appears at -376C (Figure 7s), Vwhc

-9--
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o39 degees belovw. (..6c). The
CO -1 1 tOesugiawi region frm -37*C toI, j j.9*p, 2.. is Suppoeed to be the met• l~~ntve temperature reglion of uro- .,.

S d4iun , eLl coincident with the
t,1mwawo regioe of Luise enhan ment..

- ~ 00IOOf the pyw-stsmal for the diaordured
PIT rMIrle. white for the ordered M-?cuiAL he pyroeLecric coeffic n
peak ia 14*C (Fipa. 7b), which is ouLy
three degrees beLav To (17%). Sumeo the Ordered ? uategial s! Ubihs e irsrr les s 0101n1l £er"oe ici , m
818 1 1 s9l 6 ±cirodomsi acti.vty cam beA- J 'v l, smd. The fact that= *%L a facto~r of'."."

b0-4-40 0 0 4 40 w w w five of Che largest knseetmsg of
TEMP (04 cl We-SIMA.L at the temperature five

degrees higher than To baa been o~sered
to oetred PST ampLe., mam that the
0C bla can omay ifduce a ratr uk.._
d...lACive P@LeAl.z4tsin u ohe &he *.c* of the uimrodoenae.

The lrge anlo4-ied-cousbsLlabe.
a.03 reveitl e pyroel.eo t c Leffec.. a

PrOulialg phenmenon for deve3.epln
now prmeeetriA dvices.

0.01 .. W. Secer and L.I. Cross, j. Mator.
Set. 1$, 2478-l12 (1.901).

2. 3. Secter and T... Crss, . .'""
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Polarization and depolarization behavior of hot pressed
lead lanthanum zirconate titanate ceramics

YGO W" Qion Zhll*wand LE. CraM
M.NDE"kAWP Laheeuw The Pmenalwa Stat Unhanka UnimenuyP* hrl~Pnnsylvania 16-902

I Receved 22 November l98,- accepted for publication 28 February 1983)
Adetailied study of the polarization and depolarization behavior of 7:65:.35 and 8:63 ea

laihmn zucoutwna tranparen ceramics unde dic bias and constant heating rates has
beencawied our The dielectric permimvuy exhibits a&new anomaly near 04C in freshy thermally
depoled, samples which is associated with a buildup of macr0d22ais and the development of a
1101a1edu polarization From continuity of the dispersive behaviors it is suggested that the
dielectric change at the so-calleda-$ transition Tj is not a conventional phase chamge% but rather
its aIons o(fimacro-orderingand a decay back to adisordered microdomain textue.

PAC numbai- 77.60. +j v

L INI CUTON dion of ammonia to maintain apH value of 8. After thorough .
The thermal deoaiainbehavior of electricaly wahn to reov NOr and C1- ion. the precipitates w em.

-olead laZtIanIu zirconate timamt (PLZT) ceramics spray dried at high temperatures. Reagent grade PbO pow-
with comuposisions in the rag of PbZrmTL"%0 with der in 10% excess of the reqired stoichiometr ic proportion
La5%% addons of &., 7-, and S-Mole% La%% have been of was then added and the powders ball milled, in polyethylene
mutest fr the behavor of the pyroeiecrc cenr. dielc lined iarn in ameon for 6 h. The slurry was again dried and
tmc response. and electro-optic I -a- creristics.'" It was col pressed slugs of suitable dimensions were hot pressed in
clewr from the early studies of Key. that depolarization of a an (h atmospher at 1150 6C for 166I under a uniauial stress

botccuedPUT of compositon 7633 occurs at a of 20 gcl
teprauewell below that of the dielectric petivity Boulas of nea theoretical density, high transparecy.

mf01Um... Dielectri data of Salane suggest that the X -amd a man graiff sie of 2 pm resutitd
* moximum a strongly dispersivesin ferroelectrics with dff.

hue phmans itions irelazors). Mone recent measurements IIL EXPERIMENTAL PROCEDURE
by Kmur. Neuha. sd Crss'of te eastc shpe em-Samples of PUTr wee cut with a string saw and then

0my elbet suggest that the shape changing ferroelastic ma. grun tot thickness used for dielectric measurements,
crooi are lost in these ceramics at the lower depoling galy 0. 1 to 0U mm. Electrodes used were sputtered

tem~atg old The diameter of the electroded ame was around 5 mm.
The Pesent study was undertaken to explore more Mafy Samples were annealed at 600 -C for I ht and then followed

both the poling and depoling characteristics of transparet by slow cooling.
hot pressed, PLZT's of 7:65:35 ad 8:65:35 composition. The dielectric properties of PLZT were measured by a
Dat presente here ar for the 8:65:35 composition: how- Computerized automatic measuring systm with Hewlett-
er, the 7.65:35 material gives qualitatively similar results Packard's new generation of mirpoesr-based equip-
in every F especL To avoid, as far a possible. domain stabli ment. The biased temperature dependence of dielectric con-
ution of the type demonstrated by Schuize Diggers, and smtan and loss tangent were measured by a multifrequency
Cross. all Measurements were made on annealed and fresh- LCR mew, HP 4274A and 4273A in the frequency range of

ly ~ ~ ~ ~ ~ ~ ~ ~ ~ W thral1uece0apls7o-o H&. with basic accuracy of 0. 191. The biased pyro- -

electric currents were measured with the HP4 1408 picoam-.
IL SAMPLE PREPARATION pae meter. A Delta Design model 2300 environment

Ceramics used in thes studies were originally prepared chamber covered the temperature mage from -IS to
at the Shanghai Institute of Ceramics in China. The designa- 200 *C. using liquid nitrogen 34 a CooIla. Temperatures
dns 7:65:35 and 8:65:33 indicate in the conventional man- were measured with a Fluke $502A digital multimeter via a
mar a *cai nia ratio o( 65:35 mole% and a substitu- platinum resistance thermometer mounting directly on the
nion 0f 7 and 8 mole of La2Oj for PbO. The samples were ground electrode of the sample fixture. A HP 9825A desktoo
prepare from reagent grade nitate salts of lanthanum and computer wss used for on-line control of automatic mnea-

irnumand reagent grade MIC, The salts were dissolved surement through a HP 69048 multiprogrammer interiace.
in distilled water and the solutions mixed in the desired pro- ALl the data were recorded on flexible magnetic discs. Sp*.
portions Mixed solutions were then coprecipitated, by addi- cial software was developed for automatic measurement.

Linear temperature change with specified rates was easily
__________________achieved. The reproductbility of measurements was excei-

VWW a ft fam mtr Xi.. Aia LUntmy. -Xima Chwna lent.
"Imahag MOWm frOm ShMNOW IMUSuae a* Ciii ShMSAnga COWna All the measurements were made on freshly thermaily
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depoled samples. Samples were heated above 150C, then ., -

cooled down below - 75 C. Bias was applied at - 75 *C "- ---ad he the sample reheated kon this temperature, t€ ...

Iv. EXPIBIMENTAL RESULTS
The temperanare dependence of the weak field dielec.

tric permnitvity at several frequencies applied to an 8:6533 0.5
PLZT ceramic under a dc bis of 3-kY/cm applied at
- 75 C and measured on slow heating (3 "C/min) is shown
in F. I. The peak labeled T1 oberved near 0 C is a new
phenomenon heretaore unobserved in this system, and ap- .
pus to divide the response iwn four dodnct regions. There - 0 to zoo

(bi TI[MiIdRATURE Ce1

wkIimIKfLr8:3=w~w i dai aco a howu .
ims a"

U1'is a dispersive region below 1,(),alagl Vods e

IO'lIZregion betwee T, and T,. a temperature often referred to as
Ica thea-0phaschange 12), a second dispersive region between

Tj and r. the temperature of the dielectric maximum (31,
U p~p~and a second nondispersive region above T. 41.

In a sample cooled without bias from above T,,, regions
(1) and (3) cojomn filling die whole temperuuare range beow

o * T,. ad appear to be of completely similar propery [Fig.
0 100 2002(a)]. On cooling under dc bis, however, T, is reproduced.
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measured and moon11) is lost (Fig. 2(b)]. -00
A a cnsant heating me T, shifts to a lower tempera. atunre with increasing bias [Fig. 31a) the "transition" being -1 0

most obvious in the dielectric stiffess (Fig. 3(b)]. It would _ -20.0

appar that the product kT In £ is approximay coflsant
over the &W range studied (Fig. 4). k is an arbitrary con- -10 0 10 zoo
stant. 1W TIMPCRATURC In.

For Add below I kV/cm no T peak was observed, but
at inermedixte field levels it was clear that the temperature F. 7, The budu amdi dmW y 4 efii te mW mm pmdanudo aM d ob I o.

2,depends on the heating raue. increasing with faster heat- r u d t d u h & '~
ing, but being difcult to observe for raes above 5 T "min kv/em s t hasng amgs"

.2: .l d samples'do no exhibit the T* peak and in no
20 smple could we detect this change on cooling from high

E tempeature. A necessary precondidoing is that the sample
MIS be cooled in an unpoled se and the field applied at low

Aging the sample at temperatues below "., appears to
e043 preferentially reduce the dispersive component of K (R e. 7)

and for such samples the peak at T, was smeared. In long
aI atlow tmperaue the T, peak was often to the point

-0,05 "where the change was difficult to discern at all.

(a) TZINMPIATUOC 00 That the dielectric changes are associzated with the
buildup and decay of marcropolarization has been con.

LO Li............ ............ . ... .firmed by pyroelectric measurements using the Byer-
Roundey' technique.

WThe remanent polarization builds up rapidly in the vi.

; LO cinity of T, for a sample heated from the depoled condition
under a field of 3 kV/cm (Fig. 61al and the charging current
associated with this buildup is evident in the current curve in

its Fig. 61b) and is in sharp contrast to the depoling current peak
at T. Similar curves for a larger field ofS kV/cm [Figs. 7(ai
and 7(b)] confirm the dielectric trends for T, and T1 .

S-. . ....... .. The asymmetry on cooling is clearly evident in Figs.

0 100 200 Sa and 81bi which show that once the macropolar'zed state
(10 ?MPRATURE (4C) is established it does not decay agon on cooling. Thus. only

PRG. .Th b uupau m dao(,ailh remaupolantauon andIi, auo the poling current peak is evident in Fig. Sb'.
aedutp mu 4dahacrgcurato(P.ZT8:65:335ma4wdc bso(3 For a 3-kV/cm Acid the behavior of prepoled and de.
v/cm a =mm Iea; ram . poled samples is contrasted directly in Fig. 9.



V. DISCUJSSION400 .. p. gr, ' **

The evidence prseted above suggests strongly that .r 0311I POLEO
neither T,, nor T. are associated with conventional phase 2% CL30~ -EOE
changes in the dielectric. The dispersive character below 7 "020
in the virgin state is similar to that observed in many relazo'r 00
which are disordered in the thermally depoled state. Since CLI
these "doniains" are on a scale much smaler than the x-ray
coherence length or the wavelength of light, the structur

apascubic below Ta, to mu macoscopic tests. ...
Under bias kids the large dipole moments of the mi- 'To0100 200

crodcrains will experience strong orienting force and ap- (8 TUMP!RAURE (601
perently at 74 microdomains, can build into inacrodomains__________
with consequent distortion of the structure. the manilesta. TrP
don of optical birefingence, and the emergence of the shape
MOMMY of feroelastic macrotwins.

Once established below T,, the ordered st will per- !2'.
so down to absolute zero and no lower change is to be ,*

rearanent will slow up with reducing tiprue.We 01,
sugs htfrtemlydepoled samples in the region be- ~

low0 C the inedcs is suiflienly slow that adecbinsis 3
unabe to efectreorimntaiontin areasonable tme and the u-.
disordered state paits. It~ however, the biaed disordered (40 0 00 zoo
micodonsain system is now hanted at a consant rat., order- ,~(0
ang can occur at a suitable temperature when the rate have FlG.9. iTh~uwm, ii phtae ab, Capgdbra uc
speeded up suffiiently. Thus highe bids or slower heating 00fpus FRI Ndald@PLF t3uS:Ji il ed c biuad3 kV',=

atwliboth serve to depres the temperature T fte CEU ign .
change from micro- to macro-ordering. ~o ilr~adpreeti bev

UoM aM conssent with this suggested pattern If Tg were
*..........,,-an- a4 ,phsechanse as hasbemnsugested earlier. then it

would necessarly imply that the change at 7,.was a conven-
2 tional poling pheomenon. In this case the kinetcs, of the
- behavior would be difiult to explain, and the clear contin-

uity of the dispersions in regions, I(1) and 13) for unbiased
crystals would be a remairkable coincidence

On balance we feel that the buildup and decay of macro-
~ ~domatis frtom polar microregions provide a valid descrip-

tion for all observed phenomena. A more subtle "ph=s
_________________change" explanation may be possible. however, bearing in

-100 0 100 200 mind the scale of the polar microregions postulated. Since
(a) TEMIVATURE (6C) the onset of a nonzero polarization will occur at a difftet

temperature in each microregion over the temperature range
.C..................of the dispersive dielectric permittivity peak it may well be

tha n a global scale these local onsets should not be consid-
er aed as phase changes. b

In this view then. the crystal may beregarded as beingI macoscoicaily cubic over the whole temperature range.
W Below some temperature T, between T, and T,. this *ubic"

nionpolar phase becomes metastable with respect to a -ma-
2 J croscopically polar phase and the crystal can be forced into

19 the more stable state by a poling field. Thus T, and T. may3 be regarded as a field-forced phase change to a polar state
000 100 zoo and a thermal depoheng into a macroscopically nonpoiar

(hi MIEPIATURI (*CI state. respectively.
PlO 3.aa he unmn: ofanaafl~nd'b~~.lfpn..4sch~pn ~A question of major interest which remains unresolved

a(PLZT 3:43:39 oaderde Mmo(3 lcv/'m u: ftan# and moling meuure- is the nature of the subgrain heterogeneity in tce PL.ZT
I IA which favors relaxor behavior. rt may be suspected :hat the -

I~~~~~ .o ob. %I#G.M



very high levels of lathmanum doping could give rise to par- ' . L ,aul.r and ,L . Olrama. ,,. A*. Cam. Sr. . 4I 1972L
tidly ordered plana defects which could serve toi terrupt 0. IL Hd $ =Wd C. L Land J. Am. Cm. Soc. 54. 1: 19711.
and lnimt the polarization an the appropriate scale but much .'. Ha 3ftj. J. Am ClmL So. X 303 (197 It.

•L T. Krve and &C. L Sy.. App. Phy. 46. 60197!.
nme detiled srtmeture work is required to deliueate this w . SaimcL I. App. Phys. 43. 4468119721.
h--u- . IT. kim .L Ne"vham and L L Crous. Pham Tumnom 2. 113

ACNOWLEDMENT 'W. A. Schulz 1. V. Bigpm and L B. Crom J. Am. Caram. Sac. 6L 41
The authors wish to thank Mrs. Ym Weiping of the I I9OU.

Shanghai Insttute of Ceramics for providing the PL T ma. 8R- L liver and C . Roumdy. Feroeecui3ca. 23331 19".L O

S- % o

S.

S'.

-9-_.



0

0

0

S

S

AFP~IDU 4

S

S

.0

S

-S



A.~~~~~ ~ ~ ~ W66 a" a•ah d=pww.1

/rp.m ..'ff' INS4. Ved. 34, ipp. lIU.la l* J 19 Os d m,'J melk. S wP liun.lyw.
8II , nlq~4toSq14s.g, ggeM.3N. ) iPnO I is d im Uaum Saa au f A. .

IPOLARZATION AND DEPOLA=AXXON BIAVIOR OF BOT PUZSSED LED
LAMUIANU ZIRCOHM~ TrrANAI1 CEAMICS

,O 11. M ZULZ. AND L.S. CROSS
Materials lesearch Laboratory, The Ponasylvania State
ftiveusity, University Patk, PA 16802

&.JUUE -Sudies have been made of the polarisatioa sad depolar-
ization behavior for lead laathaum sirsoate titans:. ceramics
with airsois:tItslaa ratio 06510.35 sad L&203 ecoatat from
0.07 to 0.09S (7:63:3S to 9.5:65:35). Continuity of the di11-
trio dispersio *a coollag anbiased freshly de-aged samples
suggests that aeross this whole eompositloa range for tempeta-
ties below the dielectric mazina, there are no aeroascopic
phase eayges. Large remaseat polarizsatious ay be built up at
low temperatures by eoliag uader suitable DC bias. but the
ceramics will sstand off, sig~fiesat bias levels applied at low
temperature sad remain dispersive. DepoLiag es heating beasmes
progressiveLy less abrupt with izsreasiag La203 sateat but Is
always accomplished well below the toemperatur of the dielectric:
ma: lua A model involviag the ordering &ad disordering of
polar meiro-rogions under oleetzical sad thermal fields accounts
well for the observed properties.

The thermal depolaxization behavior of eloetrically poled lead .
lathans zirosatoe titamate (lIZ= ceramics with compositions in the
reage of 1bZr0.d5TLj0 3 with La203 additi as of 4-.. 7-. sad $-sale%
La2 03 have been of interest for the behavior of the pyroelecyIl"
aurreat, dLolectrie response, sad electro-optic harsacteristic s '

It was clear from the early studies of Keve4 that epolarization of a
short-Girsited PZ of #ompost-tios 7:65:35 ocst at a temperature
well below that of the dielectric peorittivit7 msaimum. Dielectric
data of Salasek Suggest that the 1 mainsae is strongly dispersive
as in fortoeleetries with diffuse phase tzansitso (jelazors). more
recast moasromeats by Elmara. Nowham. sad Cross of the elastic
shape memory offect suggest that the shape hsanging ferroelasta c
aacrodomatns age lost Ls these ceramics at the lower dopoLing ta-

The present study was carried out to investigate more fully bock
polisg and depoling aharacteuistios of transparent hot pressed P.t s

e overika the composition range from (7 to 9.3):63:35. Dat for the
3% aL0:3 composition have been presented sealesr7 . but some are
rsptocad &&&is here to compare wih the 8.8 sad 9.3% La 2 0 3  A-
composi tioas.

I(L PPARW1.flN AND XP ZEfrNTAL POCEDURE
Ciramsas used In these studies Were provided by the Shanghai

.-

'A.-



t43041 Y. X1. C. ZNIU A DO L L CROSS

Iastitate of Ceramics in Chia. Vafess used in the present study
ves out from boule• of near theoretical density, high optical trans- -.

parescy and mean grain *Lzes In the range I to S ii. g
Dielectric properties were measured on a computerized automatic

measuring system using the V LCR moetrs El 4274A and 4275A uader DP
905 *ompater control. PyroeleetrL Currents vere measured with an
IF 41403 piecamperemeaer. A Delta Design 2300 environment chamber
covered tke range -ISO to bOOeC and temperature vere easuzed with a
platinaum resistance thermometer on a Fluke 8502A digital msiatLater. -
Speclal software was developed for automatic measurement and all data
ver ecorded on flexiblo magnetic disks.

The temperature dependence of dielectric permulc tvity in
8:45:35 PZT cooling unduer zero bias. and under a DC bias of 3 kY/ca
for a coolia8 tate of 3C/lmia is shown in Figure Ia and lb. Sap-
pressioa of the dispersive behavior (zelazm: Character) tade: bias is
clearly evident at temperatures below SC. Similarly for an 8:65:35
PL= sample cooled to -7SAC then biased to J MoVlm and heated at
SeCIamL (Rig. 2). the peralstence of the dispersion up to a tempera-
cute T followed by a suppressed no dLspe•rsve reglon (2) a re-
emergence of dispersion below T M (3) and the conventional higher
temperature &on-dispersive regions (4) are quite evident. That Tfand Tm are poling end depoling temperates is evidenced from the

pyroefectric currents (Mil. 3). and the integrated current shows the
oerespoadiag build up and decay of macroscopic polarization.Data has already been presented to show that T deceaeses with '

Lareasing bias field. and the kianeti sare of the change is evL-
denat from the dependence updn hoetLng race

In the 3.8/4$/3$ PZT. on cooling'a freshly do-aged sample again.

the dispersive character of a telazor frroelectric is cLearLy evi-
doeed (Fig. 4a). Ner. however* under even hih DC bias of 15 MV/enthe relaxation is o: completelyr suppressed ad there is no evidencee

of &a abrupt change such astha: seen in eke 8145135 compositions
(Fig. 4b). That the polarization builds up and decays in a rathersimilar m.anner to that in the geramies of Lower Lanthanum content

isohowever. evident from the iaesrated pyroelctcL response for a
sample cooled uder field (Fig. 5(21) as compared to that of a sample
cooled without field to -lO0eC then biased to 3 kV/em and heaeted at a

constant rate of 36C/minuae (Fig. S(11). -

It may be noted that the major changes with Lacres., La,rcontenat is that the polarization levels are Lower, the changes are

more gradual and occur at lover temperature.
n the 9.5:65:35 this tread is Continued (Fig. 6) and bere ahigher fildi of 4;.6 kY/cm was used to produce comparable poLacizatioc

changes. Larger polarationa levels can be induced in botb d8 an.d
9.S3% La203 compositioas. but only by goil to much h2igher field
levels.

eS

[ -9



...- 7 7

Ph t1A/WATK0 AND INIM)LARIZAT1 W REAVIOt OF NOr PRESSD LEAD .... IjV 615
DISqCUSSION ..-

The eoanuiay of the disposio curves is all samples below T
suggests that is the absese of a driving field so0s of the materials
goes through a ncrual aseroscople phase esage below T . This would
appear to be Go uied by reent neasaseat is innShau l of W. Tia
and soIIae oone N) who show that i& gisI growS PLZTs of the 8: 6:3S
composition the isdividual 8zaisa have Lsotropic optical properties
below TO ia the &bea** of a eztenal field.

For the 8.8:d5:$1 and 9.3:65:35, the dispersion sad pollsg:
depoling behavior ate remarhably sisila: to those observed La
Pb(Mg1/ 3Nb2 )03 . Pb(SoL/2Tai/2)03 sad other relazo: foroeslrties.
It is thus temptiatoapy the model of ordeutag of polar micoo
selicas under field. ad disordeuing ude temperature to desetib-
the observed build ap sad dec67 of polarization. That the 8:65:3-
composition is optically Isotropic Scala by gis oC Gnoale, agsL&
suggests the model at disordeted p.olar ies-tegios. loweve. Is
this composition the dlsordering Is tather &bap and has Naay of the
featsues of a phase shoas. -

We sugest Is speoulatinoa that Is analogy to magaotism. the .
PUN, PST. 8.&:S:3S sad MW5:35 eompositions may be snpesrpralee-
trig be: that in the 3:4S:35 the phenomena may be mere analogous to

that of critical spp~ageim

1. A.A. eitle sad 3.1. O',y*a. J. Am. Cavan. See. S4 (1972).
2. G.3. Eaetliln sad C.. Land. 1. An. Cases. See. JA. 1 (1971).
3. G.E. ESetliag, . A. Ceam. Soc. lie 303 (1971).
4. £.T. geve sad &.L. Bye. . Appl. Pbys. 41. 810 (1971).
S. W.A. Salaseek. 1. App. Phys. J.. 449, (1972).
6. T. Users. LL Newsham. sad L.L Cgoss, Phase Tassitioas 2 113

(1931).
7. ?so Ii. Ches Zhili. sad LAL Coes. 3. Appl. Phys. JL(4):339

( 193). "'..

8. I.E. Chi. I.E. Nao. I.S. Zheag. sad Z.r. Tia. Joiat S:Chiaa
Semisan on Ncostzustore sad Properties of Cereami Materials.
Shaagbai. Nay. 1983 (to be published).
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Dielectric Properties of Lead-Magnesium Niobate Ceramics
S. L. SWARTZ,' T. R. SHROUT," W. A. SCHULZE," and L. E. CROSS*

Materials Research Laboratory. The Pennsylvania State University. University Park. Pennsylvania 16802

Dielectric properties are reported for lead magnesium niobate In a recent investiatim." an improved process for the fabri- ..
(PbMgv3,Nb 3 3 ) ceramics which were prepared as single cation of pyrochlore-free PMN was developed. The technique con-
pm. (Ie., without pyrochire) with an improved technique. sisted of prereacting magnesium and niobium oxides to form the
Dielectric centems f 18 000 for pure PMN and 31000 for columbite MjNbA. prior to reaction with PbO. Perovskite PMN
PM with 10% PbTO3 were achieved; these valus are 50% thus formed via the reaction:
larger tm tbem reported in the literature. The dielectric con- 3PbO + Mi4bO, - 3PbMs,3NbhO (I)
staa of PMN ceramics was found to incease with both sin-
wring temperature and exces MgO. and subsequent analysis The amount of pyrochlore phase was reduced to <2% by this
of the microuructures confirmed that this was due to an in. method, as compared to -30% for a batch of mixed oxides given 0
creme in grIln sie. This prai-size dependence is explained as a similar calcinaon schedule. it was also shown that the pyro.
a comeque ce of low-permittlvity grain boundaries. -chloe phase can be completely eliminated by additions of excess

MgO (kz mo%).
L Introducion The purpose of this investigation was to study the microsaucture

and dielectric properans of sinered PMN ceramics fabricated using
P EROVSCrTE LEAD MAGNESIUM NlOATE (PbMg,,Nbv3O,. here- the above technique. Processing variables included deviation from

after designated PMN) was first synthesized by Soviet workers the PMN stoichiometry. calcining temperature. and sintering S
in the late 1950s.' The dielectric properties of PMN have since temperature. The compositions investigated were based on pure
been widely investigated in both the single.crystal"' and PMN and PMN with 10 moi% PbTiO3, which has a transition
ceruic"'J forms. The main feature of the dielectric properties of range closer to room temperature.
PMN. common to all of the above investigations, was a broad
maximum of tie dielectric c tant* jus below rom temperature. L E im Procedure
The magnitude of this maximum (at I KHz. -12000 for ceramic
PMN and >20000 for single-crysl PMN) decreased and the Compositions were selected so that the effects of excess M#.
temperature of this maximum increased with increasing frequency. and PbO stoichiom ry could be determined. As previously re-
A corresponding frequency dispersion of the dissipation factor was ported. "excess MgO suppresse pyrochlore formation: however.
also observed, but at a temperature range lower than that of the its effect on dielectric properties should be examined. The effect
dielecuic constant maxima. This behavior is typical of what are of PbO stoichiomeuty becomes important when considering the
now commonly referred to as relaxor ferroelectrics. problem of PbO volatility during sintering. Thus, compositions

Recently, them has been much interest in PMN and PMN-based investigated in this study corresponded to the following- stoichio-m for electrostrictive strain applications.*' 3 It has been metric lead magnesium niobate (PMN-STD); 2 and 5 mol% excess
reported that the electrostrictive strains geerated in PMN-based MjO (PMN-x% MjO); 2 mol% excess PbO (PMN-2% PbO): and
ceramics are an order of magnitude larger than those of 2 mol, deficient in PbO (PMN-2% MN). Compositions with
BaiObased ceramics" and are comparable to the piezoelecu-ic 10 mol% PbTiO3 were also prepared as stoichiometric (PMN-
strais of PZT ceramics. " This is due to the large dielectric IOPT-STD) and with excess MgO (PMN-10PT-x% MWO).
constant of PMN. as the induced electrostrictive strains are pro- The raw materials used throughout this investigation were
poroa to the square of the polarization (and thus dielectric reagent-grade oxides of lead, magnesium. niobium, and titanium.
constant). PMN is not only an important candidate material As described in Ref. 14. the fabrication process for PMN primarily
for electrostrictive devices, but should also be promising for consists of two steps: the preparation of MgNb 20,. followed by
other applications requiring a lage dielectric constant material, the addition of PbO and subsequent calcination. For the excess
e.g., capacitors. M#O compositions. the excess MgO was added prior to reaction

A limitation to the utilization of PMN in device applications has with Nb2O.
been the lack of a simple. reproducible fabrication technique for Accordingly. three MgNb 2O* batches were prepared with the
ceramic PMN. The fabrication of PMN is complicated by the stoichiometries: MgO. Nb.O, (for the STD. 2% PbO. and 2% MN
formation of a lead niobate-based pyrochlore phase during the compositions). 1.02MgO'Nb:OI (2% MgO). and 1.0SMgO.
initial stages of reaction between mixed oxides. The subsequent Nb.O9 (5% MgO). After ball-milling in ethanol for 12 h and sub- A
transformation of the pyrochiore phase to perovskite is sluggish sequent drying, the MgNW.O. batches were calcined in alumina
and necessitates the use of repeated calcinations at relatively high crucibles at 1000*C for6 h. X-ray diffraction (XRD) confirmed that
temperatures for long times. Mixed-oxide processing rarely results the columbite structure of MgNb 2O. was obtained in each case.
in pyrochlore-free PMN and has associated problems of The constituents. PbO and the appropriate MgNb20. batch.
reproducibility and the control of PbO stoichiometry. At least were weighed. mixed by ball-milling as above, and calcined in a
pat of the large discrepancy between the maximum dielectric closed alumina crucible at 7 - 800' or 870C for a soak time of
constant values reported for ceramic and single-crystal PMN 4 h. After calcination. 2 wt% PVA binder was added and pellets
(12000 vs 20000) may indeed be explained on the basis of the (1.27 cm in diameter and 3 to 4 mm thick) were pressed. Follow-
fabrication problems. ing binder burnout at 5000C. the pellets were sintered at various

temperatures (1200'. 1270. and 13100C) for I h. PbO loss was
- limited by the use of a sintered PMN source powder. Weight loss

Prosneedas i ftnu Sciace dm Elmeom Disas Jo n NI.n;. Can. on sintering was typically held to < 1% for the STD composition.
bndp. Meamew Seopy. ber 15. 19. (Pewr No. 17.3:18-tZVF ReceR= <0.3% for excess Mod compositions. and <2% for the excess

1W 1 POea composition: a slight weight gain was observed with the _

n,= ". tie Office of Naval Research under Contrut No. q0o0w4- PMN-2% MN composition. The sintered pellets were analyzed by
.' Mau. do A 0 CUMm SaCl XRD and scanning electron microscopy (SEM).
.Nw w, t ElecMc Comus..perm AdAMS.MMUCUM 0o 7 Samples for dielectric measurements were prepared from the
".Ieu M""udeeu er. Atlred. kww Yonr 1402e sintered pellets by polishing the faces parallel with 12 gm alumina.

sputtering gold electrodes, and applying air-dried silver paint to

311
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T~bI U. Effect of Processing Tsperature on
1WHz Dielectric Properties of PMN-STD

8IM 1200 . 15900 -15
Soo 1270 18200 -t5
SI0 1310 16400 -17
870 1200 14900 -iS

ftl.1.WKMicaanr f (A) PMN-STD ad(S) PMN-5% 87 1270 15800 -16

MgO. bock calcined at $00 and sintered at 12000C4

temperature at which this maximum occurred. The dielectric con-
stats were correcte for porosity by die equation governing p-

Tbl. 1. Deadly and Grain Sin, df ThN Ceranalca 1ei mixing:
ComussaOsiqr(5Cmsa K - Ks~o" (2)

PMN 1200 7.78 2.8 and averages were calculated.
1270 7.59 6.1 Electrical resistivities of selected samples were measured at
1310 7.54 8.9 T -25 to 50C using aiompe with anprpi

PMN-2% MgO 1200 7.77 37field (-0. 1 to 0.5 kV/cm) being applied across die sapls
1270 7.61 6.0
1310 7.56 10.2 M.l Resultsawit!Dsusshoo

PMN-5% MgQ 1200 7.75 6.0 (1) .Wkrmvwumws
1270 7.65 8.9
1310 7.53 13.6 Tyrpical SEM micrographs are shown in Filg. 1. demionstrauing

'Caklms a WMC.ow 3. 3 gcW.the influence of excess MjO on the microstructure of MN ce.
*Cahsaed SOVCp 5.3 i/~' tuics sintere at 1200C. Table I gives dhe gain size (calculated

by a linea intercept technique) and density as a function of corn-
position and sintering temperature for sintere pellets made frow
PMN powder calcined at 800C. A

improve electrical contact. Prior to electroding. the geometry and Two trnds in die data presented in Table I were observed:
weigh of each sample were measured and dentsities were calcu- (1) An increase in sintering temperature resulted in an increase inl
lead. Dielectric measurements were carried out on an automated grain size and a corresponding decrease in density. (2) Excess
system. whereby a tomperature-conrrol box' and LCR mete&! MgO increased the grain size without apprectably'changing the
wern controlled by a desk-top computer system.- Dielectric con- density. These two observations will become important when con-
stant and dissipation factors were measured pseudocontinuously at sidering the results of the dielectric propert measurements in the
various frequencies between 100 Hz and I MHz as the samples next section.
were cooled through the transition range at a rate of 0.75'C/min. (2) Diefecric and Resisdv .1'fasurmentz
Typically. 2 to 4 samples of each composition and thermal history Fgr hw yia lt fdeeti osataddsi

were measured. The two parameters used for analysis of dielectric igureactshos tmpicalur atpl ot s feenci foar pund d
data were the maximum dielectric constant at 100 Hz and the Patio atrv eprtr tvrosfeunisrrpr M

and PMN with 10% PbTiO,. The 10'% PbTiO addition affects the
1flde ZM. Da.. DeI.Ic.SanDeo A dielectric properties of P.MN in three ways:

%togill -4274AMW42 A C ee.H*aacu I.PloAlto. CA.-
-4adsi "25A, Howleajigka~d. IN. 41408l wo. HewlettPackard. Inc.
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Tablme . Effects of PbO Stolchlometry on Table V. Effect of Processing Temperatures em 0
1W-iz Dielectric Properties of PMN* 1W-Hz Dielectric Properties of PMN.10PT-STD

CoWmm .. 110Hl .1) _ K (t0O Hz) Tr (*C)

PMN-STD 1200 14900 -15 8m 1200 21200 40
1270 15800 -16 1270 2650 39

PMN.2* PbO 1200 14 5 • -13 1310 29400 38

1270 14100 -14 870 1200 19900 40 .

PMN.2* MN 1200 13200 -19 1270 25500 39
1270 16000 -19

,Ca~csa 11SWC.

Table Vt. Effect of Exces MIgO o 100-Hz
Dielectic Properties of PMIN-IOPTO

Tabkl V. Effect of Exces MgO ea 1W-Hz K 0HC
Dielectric Propertin of PMN, O W M .. (IOo H) , '1

PmN-iePT-STD 1200 21200 40
COMiiOG !M( K., OOo Hz) T, ' 1270 2650 39

PMN-STD 1200 15900 -15 1310 29400 38
1270 18200 -15 PMN.10v-2% MgO 1200 29300 41
1300 16400 -17 1270 27300 39 .

PMN-2% MgO 1200 15800 -13 1310 33100 40
1270 17800 -14 PMN-IOPT-5% MgO 1200 28900 41
1310 18300 -15 1270 29100 39

PMN-5% MgO 1200 17000 -13 1310 34000 40
1270 19400 -14 -CA am SOM.
1310 17900 -15

TEWERATURE (C)

(1) The transition range is shifted to higher temperature. The 101 4W 400 no

temperature of the 100Hz dielectric constant maximum is in-
creased from - Ir for pure PN to 40C for PMN- 10% PbTiO,. 10
A coreponding increa in temperature was observed at higher r 10 A .-
freqencies. g

(2) The magnitudes; of tbe dielectric constant maxims are in- 10
creasedbytheaddition of 10% PND r .4to I 000 (100 Hz)'
to 2 to 30000. depending aon processing conditions. 10

(3) The fequency dispersion of the dielectric constant maxima
is decreased by PbI_. The temperatr diferece between ie7
100 Hz and I NIH: dielectric constant maxima is 23* for pur PMN 10, Pw4-ZzN~a 1
and 13*C for PMN with 10% PbTuO,.

The effects of the various experimental parameters (coin-
posiin. processing umperawes. etc.) on the 100 Hz dielectric
prp erIes ( .- ad T) of PMN and PMN-l0% PbTiO, arem20

ineseasa a 0le t .
Arrmais plots of tie resistivities of PMN-STD. PMN. . ,. .

2w MO. Ad PMN4.% MgO. sneered at 1200' ad 1270 . "" "

appea in 3ig. 3. The activation energies and extrapolated 1000/T (K )
,nom-smnosaurese ue art given in Table VU Fig. 3. Arrhenius plots of reswsn for PMN
(3) la.m esesa with excess Mo; Calcined at 2W.0 .sr-

a 12701C.
di fowg description of tie results of the dielectric and
smniymeesmemeuws. each of the various topmc will be taken

up -Ily
WAD Samson# Temperatare: The effect of sivering te.o

p an emth dieltIc properties was pronounced and consistent Table VIM. Effect of Sintering Temperasture and
OWer *A s s Of CO"POs investied An increase in Excess MIO em Resistivity of PMN
mt Umpera- reuled in a in maximum dielectric
comm. The efetof ssuring upeaew asw mo pronounced swarms
for do e W P IWOT-SD c momoito (Tabl V). for which dhe COUfl to*l. 4* 0~., rflCM1* fXt10-Tno
100 Hz maximumn dielectric constant (correcte for porosity) PMN-STD 1200 1.4 x 10"' 2.560
increased from 211200 to 26500 and 29 400 as the saneern 1270 9.1 X top 2.48
teprtr was increased from 1200 to 12700 and 13100C. PN2 S 20 22x1'24

respectively, for powder which was calcina at 8001C. Relating PN2 g 20xl ~ 24
ts to'the microsoawtus. a grain-size dependence of the di- 20 36 025
eectrP propenassa is impl i..an increase in dielectric constant PMN-S* M1O 12.00 .1.6 x 10" 2.11
with incrnasigrain sine1. 1270 7.7 X 10" .2

(81 Caecin Tempeaiure: Using the criterion of maximum M*epuoaue from rap-wmpsmm dmi.
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dielectric constant, it is apparent from the data presented in tivity of the PMN grains becomes less affected by the low-
Tables 11 and V that 80OPC is a better calcining temperature than permittivity grain boundaries. Therefore. the measured dielectric
8701C for dhe PMN-STD and PMN- IOPT-STD compositions. This constant of the ceramic increases. This hypothesis is supported by
might be explained on the basis of a pyrochiore content argutment. indirect evidence obtained during the microstructural analysis.
In the calcining study described in Ref. 14. it was noted that, for Scanning electron microscopy observations of fractured surfaces
the PMN-STD composition, the amount of pyrochiore phase in- indicated primarily transgranular fracture. and polished and etched
creased with increasing calcining temperature (although the pyro- surfaces tended to have a large number of grain pullouts. these
chlore content for the highest calcining temperature was still apparently weak grain boundaries suggest the presence of a differ-
<2%). However. the general mend of a lower dielectric constant ent Oh located in the grain boundaries. Also, neither the pyro-
with the 870rC calcining temperature (as compared to W0C) was chiore nor excess MgO phases were located by SEM EDS analysis.
also noticed for compositions with excess MgO. which did not even though one or both phases werie known to exist in all of the
have a detectable amount of pyroichiore. Thus the exact nature of samples. Thus it might be assumed that both phases. if present.
the apparent1 calcining tempeature dependence of the dielectric were located in the grain boundaries. However, the existence of
properties of PMN cannot be fuly explained at this time. the two phases in the grain boundaries is not a necessary require-

(CJ PbO SWchiome"r: The importance of PbO stoichi- meat for the grain boundaries to have such an impact on the
ometry was demonstrated by the data in Table ill. Although the dielectric properties.
PNIN-2% PbO composition experienced a large weight loss during WF) Resiiv Measurements: Extrapolation of the reis-
sinteriag. which resulted in a PhO stoichiionetry approaching that tivity data. shown in-Fig. 3 and Table V11. to room temperature
of the PMN-STD composition. a degradation of the dielectric yielded resistivities on the order of 10" il'-cm. The extremely
constant was observed. The PNIN-2% PbO composition had a large values of resistivity and dielectric constant of PNIN corre-
100 Hz transition temperature of - 130C. as compared to - 1S' for spond to enormous resistance-capacitance time constants of
PMN-STD and - 19' for PMN-2% MN. This result explains the 10" s (10' yr. The PNIN-S% ZMgO composition exhibited a sig-
slight decrease in transition temperature observed as the sintering nificantly lower resistivity and a slightly decreased activation
temperature was increased. Increasing the sintering temperature. energy than the PMN-STD composition. However. the resisuivites
and thus PhO weight loss, would shift the stoichiometry of PMN of both the PMN-STD and P.MN-S% MgO compositions displayed
toward the PMN-2% MN composition, and the transition teat- no appreciable difference with sintering temperature. suggesting
perature would be expected to decrease. that the resistivity of PMN ceramic is not pain-size-dependent.

(D) Excess MgO: The data presented in Tabes IV and VI The resistivity of the PMN-2% MgO composition decreased with
show that the addition of excess MCO resulted in a significant increased sintering temperature. possibly indicating a change in the
enlhancement of the dielectric constant of PMN ceramics. This was nature of incorporation of the excess MIQ into the ceramics.
originally attributed to the elimination of the pyrochlore phasie.
Subsequent analysis of the microstructures confirmed that the Mv suOmmar

inraein dielectric constant with excess MgO corresponded to an
increase in grain size. Thus a grainsize dependence of the The results of this investigation were: (1) A fabrication pro-
dielectric constant. similar to that observed with sintering cess has been developed which allows for the fabrication of
temperature. seem a more probable explanation. However, two pyrochlore-firee lead magnesium niobate ceramics. (2) Increasing
importan questions remain to be answered: (1) How is the the sintering temperature results in an increase in grain size and a J
excess MgO responsible for an increase of grain size? (2) Is the corresponding increase in dielectric constant. (3) Excess MgO
excess MIO chemically incorporated into the perovskite grains. or completely eliminates the pyrochiore phase. increases the grain
does it exist as isolated grains or in grain boundaries? size. and results in an increase in dielectric constant. (4) The

i'E) GrWAi-Sizi Dependence: The most important resut of increase in dielectric constant with grain size can be explained by
this investigation was the apparent grain-size dependence of tdie the influence of low-permnittivity grain boundaries. (5) The re-
dielectric, constant of PMN ceramics. This was evidenced by the sistivities of lead magnesium niobate ceramics are quite large and
substantial increase in dielectric constan observed with both sin- decrease with excess M10 but not with sintering temperature.
tering temperatur and excess 1MgO. It must be stated, however.
that the true grain-size dependence cannot be resolved, due to the
difficulty in varying grain size without also changing the ceramic Acnltigmnt The audmo tsk P. %oses tel i a t diewecs
in other ways: density. PbO weight loss. microcracking. etc. Any mmaurements. A. M4anhswipe for diince to seaphs preparaion. and B.10.. for
deviation from the general trend of the dieectric data can be SE xene
attributed to this problem.

A grain-size dependence of the dielectric constant of lead zir-
conate titanate ceramics has been reported.'s It was shown that the

omr-temperature dielectric constant increased and the dielectric References
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THE EFFECTS OF VARIOUS B-SITE MODIFICATIONS ON THE DIELECTRIC
AND ELECTROSTRICTIVE PROPERTIES OF LEAD MAGNESIUl1 NIOBATE
CERAMICS

D.J. VOSS, S.L. SWARTZ A1D T.R. SHROUT •
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

Abstract Sintering characteristics, dielectric properties,
and electrostrictive Q12 coefficients are reported for four-
teen dopant cations incorporated in the perovskite A(B',B")03  .
structure of lead magnesium niobate (Pb(Mgl/3Nb2/3)03]. Two
trends in the dielectric properties were found: the maximum
permittivity appears to be directly proportional to the transi-
tion temperature, and secondly, the percent change in capaci-
tance at 20 kV/cm is-proportionally larger for the higher
permittivity samples. .6

Two methods to estimate the frequency dependence of the
diffuseness of the phase transition showed good correlation
with each other, but revealed no general trend with ionic size
or valence of the modifier cations. Electrostrictive Ql2
coefficients were found to generally decrease with increasing
diffuseness of the phase transitions.

INTRODUCTION

Perovskite lead magnesium niobate [Pb(Mgl/ 3Nb2/3)03, hereafter
abbreviated P1N] is a well-known relaxor ferroelectric exhibiting 1
the characteristic frequency dispersion of the dielectric maximum,
i.e., the maximum permittivity increases and shifts to lower tempera-
tures as the frequency is decreased. This relaxation character has
been attributed to a statistical inhomogeneity in the distribution
of the Hg+2 and Nb+ 5 cations in the PUN structure i creating micro-
regions of varying transition temperatures (Tc).

A wide variety of properties have been measured in polycrystal- -
line samples of P11N and numerous homotypes 2 revealing that the PMN
family are promising candidates for both dielectric and electro-
strictive strain applications3 ,4 . Crystallographic studies of the
PUN family have shown that ordering in the B sites of the perovskite
A(B',B")0 3 structure depends on the relative differences in the
sizes and valences of the B' and B" cations 5. However, the magni-
tudes of other physical properties, particularly the dielectric
properties, have not been satisfactorily correlated to the ionic
size, valence, or other properties of the various cations.

For this reason, the purpose of this study was to introduce
various cations into the B site of the PN structure in hopes of
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possibly correlating resultant dielectric properties with charac-
teristic properties of the cations. Upon analysis, these results .0
should be helpful in selecting PHN-based materials having optimum
properties for various dielectric and electrostrictive applications.

The properties examined included the sintering characteristics,
the frequency-related diffuseness, temperature and E-field depend-
ence of the permittivity, resistivity, and electrostrictive behavior.

EXPERIMENTAL PROCEDURE

A very successful method to fabricate polycrystalline samples
of perovskite PMN with minimal pyrochlore phase has been reported6 .
The first step is to prereact the refractory oxides HgO and Nb205
to form columbite MgNb206; this product is then reacted with PbO --

to form perovskite Pb31jNb2O9 (PHN). This fabrication scheme was
employed for the following +2-valent cations used in this study:
Ni, fg (pure PHN), Ca, Co, Zn, ln and Cd. The columbite precursors
were prepared by ball milling reagent-grade oxides or carbonates
with optical grade Nb205 in ethanol for 12-24 hr, drying the
slurries, and reacting the powders in open A1203 crucibles at 800- -
IO000C for 2-8.5 h. X-ray diffraction confirmed the products were
single phase.

The following cations were also investigated and are grouped
according to valence: (+1) Li; (+3) Al, Cr, Fe, Sc, and Tl; (+4)
Ge, Mn, Ti, Mo, W, Te, Sn, Hf, Zr and Ce; (+5) V and Ta; and (+6)
W. Of these, precursors were prepared for the following five: Li+l -
as LiNbO3, Cr+ as CrNb04, Fe+3 as FeNb04, Ti+4 as PbTi03 and Ta+5  4
as lgTa2O6.

Following precursor formation, appropriate amounts of the
oxides and/or precursors for the modifier cations were mixed and
reacted with PbO in a similar procedure as described above. The
substitution of all B-sites was 3.3 mol% [this corresponds to 90
mol% PMN + 10 mol% Pb(X3Nb1 3)03] for the seven cations with +2
valency. All non-+2 cations were introduced on 10 mol% of all B
sites. Other dopant levels tried were Cd+2 at 5 mol% and Zn+ 2 at
10 mol%. The amount of substitution was limited to low levels to
minimize distortion of the perovskite structure yet produce detec-
table changes in the macroscopic properties.

The calcinations were performed once at 800*C for 4 h, except
for Al+ 3, Cr+ 3 and Mo+4 which were reacted at 700*C for 4 h. X-ray
analysis of the products showed that T1+3 and Itn+4 yielded less
than 50% perovskite phase by intensity ratios.

Pellets, 1.59 cm in diameter and 3-4 m thick, were pressed
from the other twenty-four calcined products to which 3 wt% of a
polyvinyl alcohol binder was added. A PbO atmosphere was maintained
during sintering to minimize PbO loss. Surfaces were ground paral-
lel with 12 Um A1203 powder and geometrical densities were calcu-
lated. Densities less than 90% of theoretical were obtained for
all sintered Mo+ 4-doped pellets. A polished surface of the
sintered pellets was x-rayed for phase analysis.

. ............
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Dielectric Measurements

The faces of those pellets with densities greater than 90% of
theoretical were electroded, first with sputtered Au and then with
air-dry Ag. The weak-field dielectric measurements were made from
100 to -75*C with a cooling sate of 3*/min. The measurement system
has been described elsewhere.

For ferroelectrics with a diffused phase transition, the law
1/c =(T-T0)

2 has been shown to hold over a wide temperature range
instead of the normal Curie-Weiss law. Uchino et al. have shown
that when the local Curie temperature distribution is Gaussian, the
diffuseness and/or broadness of the phase transition can be measured
by the diffuseness parameter 67. The temperature difference between
the Tc's measured at 0.1 and 100 KHz is a second estimation of the 

- --

frequency dependence of the diffuseness.
The broadness of the dielectric maximum can also be realized

from the temperature dependence of the dielectric permittivity.
For this, the magnitudes of the decreases in the permittivity 60C
above and 15*C below the KHz Tc were normalized with the maximum
value found at Tc. This particular temperature range was chosen
because it corresponds to the range of 10*C to 85*C being normalized
with room temperature, commonly used for capacitor materials.

The dielectric permittivity as a function of E-field was deter-
mined on samples being maintained at their respective 10 KHz Tc.
This temperature was arbitrarily chosen for comparison basis only.
The permittivity was recorded with increasing and decreasing field;
the maximum field being 20 KV/cm.

The electrical resistivity (p) was measured by applying 100
volts across selected samples being maintained at N100*C. Current
values were recorded 10 min. after application of the voltage.

Electrostrictive Measurements

The electrostrictive Q12 coefficients were indirectly measured
from induced piezoelectric resonance of the ceramic disks by the
application of dc fields of various strengths. The selected samples
were maintained in air at approximately 50°C above their respective
10 KHz Tc's, being far removed from possible nonlinear effects
commonly found near Tc. Details of this method are described by
Nomura et al. 8.

RESULTS AND DISCUSSION

Relatively broad, frequency-dependent permittivity-temperature
curves were obtained for all modifier cations. However, not all
cations were successfully incorporated into the PMN structure. This
was evident from an insignificant change in Tc as compared to pure
PMN, and the presence of other phases, primarily pyrochlore, in the
x-ray analyses. These samples typically had low dielectric maximum
(<5000) which can be attributed to the low-permittivity second
phase(s). Interestingly, however, these compositions had low dis-
sipation factors, relatively high resistivities, and low temperature

.6.
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coefficients of dielectric constants which does not preclude their
use for possible dielectric application. 0

The dielectric behavior, resistivity, and other properties for
the samples in which the modifier cations were successfully incor-
porated into the structure are presented in Table 1. Most composi-
tions were found to densify (>90% theoretical) at sintering tempera-
tures as low as 10500C with the compositions containing Cd+2 , Sn+ 4 ,

W+ 6 and 10% Zn being densified at < 950C.
Resistivities at 100*C were relatively high with the exceptions

of Fe+3- , Co+2 , and Mn+2-doped specimens. The low value for these
particular ions may be due to electronic conduction made possible
by multiple valence states.

The dielectric properties, particularly K, were found to be a ..
function of sintering conditions, particularly for the modifier
Ti+ 4 in which K greatly increased with increasing sintering tempera-
ture. One possible explanation for such findings is a grain size
dependency as reRorted by Swartz et al. 9. In the compositions
having Cd+2 , Zn and Co+2, Tc was found to decrease with increasing
sintering temperature. This suggests that less of the cation is
being incorporated into the PMN structure, further evidenced by an
increasing amount of pyrochlore phase at the high sintering tempera-
tures.

A wide range of Tc's are found in Table 1 with the Tc for 
+ 6

being the lowest near -55*C and the Tc for Ti+4 being the highest
near +50*C. Likewise, there is a correspondingly wide range of
maximum permittivities. Figure 1 shows good correlation between Tc
and the largest of the Kmax values listed for each ion in Table 1.
There also appears to be a corresponding increase in the temperature
coefficients of the permittivity with increasing dielectric maximum.

A strong correlation of
Kmax with the percentage
change in permittivity at a
field strength of 20 KV/cm is

'"" shown in Figure 2. This shows
w1 ' the difficulty in finding a
S. single phase material exhibit-

,.S" o ing a high K along with good
j m ,, 't field stability.

f*, The main characteristic
s_ ,. w' of a relaxor ferroelectric is

the temperature breadth of the
0 ._____ dielectric maximum at differ-
-e -40 -m 0 a 40 60 ent frequencies. Listed in

,o ,, Table 1 are the differences in
temperature at the 0.1 and

Figure 1. Dielectric constant at 100 KHz Tc's for the various
Tc (1 KHz data for cations. Another measure of

the frequency dependence of

in Table 1. the diffuseness is the diffuse-
ness coefficient 6 which is S

. . . . . .. . . . . . . .
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Table 1. Properties of Doped P104.
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also listed in Table 1. These two parameters show good correlation
with each other in that a wide Tc or large 6 indicate a wide
Gaussian distribution of Tc's and thus lower temperature coeffi-
cients of the permittivity.

The values of 6 for the fourteen samples used in Figure 1 have
been plotted in Figure 3 as a function of the ionic radii1 0 of the
modifier cations. W~hen grouped according to common va1.enres, there
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amappears to be only a slight
u. increase in the magnitude .

0 .L .So Il111O
t Lof 6 with increasing ionic

L 8*

L * radius.
* .~p, a "'The single data points

L 114-11. for the cations with +5 and
~' .,*IV,* +6 valency are insufficient

j Z4co to show any trends. However, .
13.6i"~ upon consideration of ionic

size alone, no general trend
______________was observed.

La 10 15=n aun m mrn The electrostriction
sav coabok-t 1 Ie malQ12 coefficients are also

Figure 2. Decrease in dielectricrpre nTbe1wt
constant at an E-field Q12 value of -0.0050 m4/C2

of 20 KV/cm. Samples for pure PMt4. In general,
weremaitaind a 10the larger the 6 coeffi-

KHz Tc's during measure- dient, the smaller the Q12*
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DIILICTRIC R E~n IW Ph (Ir 2 Wi*bN1/ 3 b2 /3)0 3
SMM' SOL .

Thomas R. Sbrout, Scott L. Swartz and Michael 3. eu-n
Materials lessarch Laboratory, The Pennsylvania State University

University Park, PA 16802

~Atract

Compositions in the (z) (Pb (F/ 1 1 2 Nbl/ 2)0 3-(1-z)Pb(Ni 1 /3 Nb2 /$)O $ (PPN-PHN)

solid solution system were prepared and their dielectric properties

determined. Compositions with zZ 0.6-0.8 were found to densify at sintering

temperatures less than 1000oC having peak dielectric constants, k)13,000, and

a reiatively low temperature coefficient of capacitance change.

Additions of small amounts of UnO weore found to Sroatly incroase the

electrical resistivity and reduce the dielectric losses. Additions of PSTiO3

were found to shift the Curie temperature upward and to increase the

dielectric constant.

....... ..



Itoci

Many of today's multilayer ceramic capacitors employ costly precious

metal internal electrodes. In some high capacitance parts, the precious metal

can make up to 50 to 601 of the selling price of the capacitor. To reduce the

cost of such capacitors, less expensive electrodes such as AS or high AS-Pd

alloys are desired. Thus there has been an extensive search for dielectric

materials which can be fired at temperatures less than 1000C. Along with low

firing capability, such dielectrics should have a high dielectric constant

(k)$,000), low dielectric loss, low temperature dependence of capacitance,

good insulation resistance. and good life performance.

This communication reports the preliminary results of studies on the

sistering and dielectric properties of compositions in the Pb(F1 2,Nbl/ 2 )0 3-
Pb(Nill=Nb2 /3 )03 and/or PbTiO3 binary and ternary systems for possible

capacitance applications. The above system was selected based on the low

firing characteristics of Pb(1e 1/2Nb112 )03 ((900c) and the relatively high

dielectric constants exhibited by all three end member. s

EUeLUMental Proc adurs

It hasbsen reported (1-2) that the A30 3 structure perovskites

Pb(7/1 214bl/ 2 )0 3 and Pb(NiI1 1 3 Nb2 / 3 )0 3 (hereafter designated PIN and PNN1.

respectively) are difficult to fabricate as single phase ceramics due to the

appearance of a stable lead-niobate pyrochlore phase on calcination. Swartz -

and Shxout(3) and Voss et &l. (4) reported that by first pre-reactinS the 8

site refractory oxides of such Pb(Di/23jj 2 )O3 sad/or Pb(j/3Bj 3 )03

perovokites to form the appropriate columbite B'T0 6 , or wolframite BT"0 4o

compounds, and then followed by reaction with PbO, the amount of pyrochlore

phase is greatly reduced. In this investigation, the pro-reacted compounds or

precursors were wolframite, PeNb0 4 , and columbite, NiNb 2O6.

2



The precursors were prepared by ball milling the appropriate amounts of

reagent grade ozides Fo203o or NIOO with optical grade Nb2Osee in distilled

water for 12 hours using zirconla milling media. The resultant slurry was .* _

dried aad placed in alumina crucibles whereby reaction was carried out at 0

10004C for 4 hours.

These products were mized, as above, with reagent grade PbOOe ° (yellow)

sad/or reagent grade PbTiO3-. Th. powders wore then calcined at temperatures .

from 750 to 8009C for 4 hours. The resultant calcined slug was thea n..

sufficiently ground to pass a 60 mesh sieve using a mortar and postal. Disks

1.59 c in diameter and 3-4 an in thickness were pressed in which a 3 wt% O

polyvinyl alcohol binder had been added. Following binder burnout at 5006C,

the disks were fired in closed alumina crucibles at temperatures rangi 'from

8SO°C to 10006C and at various times. No atmospheric source of PbO was

required.

Prior to oleetroding, the sistered disks were analyzed by X-ray

diffraction to Insure that little or no pyrocklore phase was present.

The sintere disks were the ground parallel with 12 pa AL2 03 powder and

geometrical densities were ceal ulated. Blect.odes of sputtered on gold and

air-dry silver were applied.

Dielectric measurements were carried out on an automated system whereby a

Dolta design model 2300 temperature control boz, and Rewlett Packard Model

4274A LCR moter were controlled by a Rowlett Packard 9825A desktop computer

system-. The dielectric constant (k) and loss (tan 8) were measured

*Fischer Scientific Co., Pittsburgh, PA
**Telofdyn eb Chang, Albany. OR.
*oumod Co., Pittsburgh, PA.

-Alfa Products. Inc., Danvers, MA.
-Delta Design San Diego, CA.

Rowlett Packard Co., 1-50-1 Yoyogi, Tokyo, Japan 151.
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psoudoeoutlwaly at 0.1. 1. 10 and 100 Us upon cooling from 1506C at a rate

of SOClmim.
The sleetrical resistivity (p) was determined by applying 100 volts

across selected samples at room temperature gsing a Ewlett Packard Model

4140 pico-arpaeto, with the current value being recorded after 1 minute.

Results and Discussion

Analysis of x-ray diffraction pattgrns conf irmed that ceramics in the

binary system PMN-PUN were single phase since a complete solid solution was

formed for the whole range of binary compositions. Ths crystal system of the

various compositions was presumed to be cubic or pseudooubic as reported

elsewhere (5.6).

Figure 1 shows the dielectric behavior as a function of temperature for

various compositions across tho PIN-PNN binary system. It is evident from

Figure 1 that 13 exhibits a frequency dispersion of the dielectric maximum.

i.e., the maximum dielectric constant increases and shifts to lower

temperatures as the frequency is decreased. Such compositions are referred to

as rslaxor, forroelectrics. This relazor characteristic has boon attributed

to a statistical inhomogoneity In the distribution of the B-site cations

creating mieroregions of varying transition temperatures (T0) It is

intresting to note that compositions near to PFN showed virtually no

rela ational character, but with increasing amounts of PN. the dielectric

maximums decreased and shoved more and more frequency dispersion. Figure 2

shows the relationship between Tos. (at various frequencies) as a function of

the composition. The relationship was found not to be linear as one would

expect for a complete solid solution system. It can be clearly seen that if

the To for samples having compositions near PNN were measured at very low

frequnctes. *.g.. 0.1 3:. then a linear relationship would probably exist.

4



This nonlinear behavior of To's was also reported by Tonezawa et al. (5) for .

the Pb0.2 1 3 11 1 3)~,o-PN .1 1 1 /, 2)03 solid solution syste.:

Compositions high in PNN were also found to require higher sinterin.

temperatures than those near the PIN side. Compositions having greater than .

60% PFN vwere found to sinter at temperatures lover than 1000oC. Along with

low firing capability. these compositions had large dielectric maxima as

mentioned above; however, compositions near PIN had progressively higher

dielectric losses and lower resistivities,

For the remainder of this investigation. the composition 0.6 PFN-0.4 PHN

(U=0.6), having a low firing oapability, relatively high k and broad nazina

near room temperature and relatively low loss was selected for further

optimization.

Firstly, in order to improve the dielectric loss and resistivity, small

amounts of mNO were added, as reported elsewhere (6). Sines such additions

are typically small, e.g.. 0.01 vt%* the KnO was added in the foro of a water

solution containing NnSO4 z20* and during the millin.'gprooess.

The effect of the m&O additions on resistivity for various firing

eonditions is presented in Figure 3. The resistivity was found to decrease

with Increasing firing temperature. This is.believed to be due to the partial

reduction of Fe $ to Fe+2 leading to the increased electron hole conductivity

commonly associated with Pb compounds (7). For both firing conditions shown

in Figure 3. a very large increase in resistivity was found for additions of

mNO as low as 0.005 wt% with further improvements being realized with

increasing amounts of MnO. Amounts greater than 0.05 wt% were yet to be

Investigated, but have been reported to degrade the dielectric properties in

similar systems (6). Figure 4 shows the effect of mnO additions on the

eAlfa Products, Inc., Dmnvers, VA.

-- .*. . . . . . . . . . . . . . ..



dielectric loss as a function of temperature. Clearly, it is shown that MaO

additions reduce dielectric loss, particularly the low frequsncy losses which

ate attributed to conduction processes. The MnO additions were also found to

aid In the stitering process. further reducing the firing temperature.

Effects of the firing coaditions on the density, Te, dielectric constant

and loss for samples having the composition 0.6 P1M-0.4 134 with MaO additions
'A

are presented is Table 1. Also in Table 1 are the temperature coefficients of

the dielectric constasnt at -300C, 10oC, and SPC with reference to the value

at 250C. All the samples reported in Table 1 had resistivities greater than

11010 ohm-on. As evident from Table 1. the TO was found to be slightly

dependent on the firing temperature, that is, Te increased with increasing

firing temperature. No explanation can be given at this time. The dielectric

constant k sad density were also found to increase with firing temperature. A

similar behavior was observed with slatering tin.

upon San microstruetural analysis., it was foua that the average grain

size and uniformity increased with sintering temperature ad time. An average

Srain size of 0.5 to 1.5 microns was observed for samples fired at 9000C or

less for short durations (J2 hrs), with the grain size increasing to a maximum

of about 4 microns for samples fired at 9004C to 10 hours and/or 10000C for 5

hr. This behavior was also observed by Yonezawa st al. (5) in the

Pb(Fe 2/3V1 /3)03-Pb(Fel/2Nbl/2 )03 system and by Swartz et al. (10) in

Pb(Mg 1 13 Nb2/ 3 )03. The latter attributing the grain size dependence of k os a

Sain boundary volume phenomena in which a second phase of low k (pyrochlore.

incompletely reacted phases, impurities, etc.) was distributed within the

grain boundaries. As the grain size Increases, the number of boundaries in

series with the grain decreases, and the large dielectric constant of the .*..,

grains would become less affected by a low dielectric constant grain boundary. -

. . - . -



Samples that had increased dielectric constants also had increased

temperature coefficients (T.C.'s). The ooefficients could also be modified

simply by varying the T0 with additions of PbTiO 3 (PT). The dielectric

properties of 0.6 PYN-0.4 PWN with 0.04 PT samples fired at various times and .0

temperatures are also reported in Table 1. These compositions vore also found -"-

to densify at low temperatures and had grain size effects similar to that of -. ,:.

0.6 M4-0.4 INN. In general the dielectric constants were found to be greater ..

than those without PT, with peak values greater than 20,000 being reported for

samples fired as low as 1000*C and as high as 30,000 for samples fired at

I1SOOC for I hour. but exhibited exceedingly large temperature coefficients '

(not presented in Table 1). Further, the To and thus temperature coefficients

could also be varied by simply varying the PW-PNN ratio.

(1) The Pb(Fe / 2 Nbl/ 2 )03 -Pb(Nil/ 3 Nb2 / 3 )0 3 system appears to form a

complete solid solution series. Nowever, the relationship between the Curie

temperature and composition was found not to'be linear due to the

ferroeloctric relazor behavior of compositions near PMN.

(2) Compositions high in PFN (0.6 mole %) were found to have low firing

capability ((1000eC), high dielectric' constants, and relatively low

temperature coefficients of capacitance change, but high dielectric losses and

low electrical resistivities. The dielectric losses (tan 6) and resistivity 0

could however. be greatly improved by small additions of mnO. which also was

found to be a sintering aid.

(3) A Stain size dependence on the dielectric constant was found, being

a function of sintering time and temperature.

7
.*-. -. ,



(4) With PbTiO3 additions the transition temperature (TO) was shifted

higher with improved dielectric constants being achieved. The full extent of.-

PbTIO3-PPN-PNN solid solutions has yet to be investigated.

Future work will Involve ways to increase the grain size, and to try

other additives to further reduce dielectric loss and increase electrical

resistivity. Also. the compatibility of Ag and Ag-Pd electrodes for possible

multilayer capacitor capability should be investigated. r
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ilure Captions

Figure 1. Temperature dependence of the dielectric constant (100 ='z) in the

(z)Pb(Fel/ 2 Nbl/ 2 )0 3 -(1-x)Pb(N 1 /3lb2 / 3 )0 3 binary system.

Figure 2. The Curie temperature as a function of frequency in the

(z)Pb(Fel/2Nbl/2)0 3 )-(l-xl),b(Nil/3b2/3 )03 binar7 system.

Fi;ure 3. The effect of 4',nO additions on the electrical resistivity for the j7

composition 0.6 PFIII-0.4 PR1?N.

Figure 4. The effect of DnO additions (wt,) on the dielectric loss (tan 3)

as a function of temperature for the co-position 0.5 ?-,'-0.4 p-.

The samples were fired at 9000C for 2 hours.
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A IUDIOLOGICAL 01335 PUNCTIOII F0R DaTIO GIVING CORRECT
It FIELD DEPENDNCE OF ALL FERROBEZCTRIC OWR ENBS

A.S. BIL
Department of Ceramics, University of Leeds, Leeds 132 9JT
England

44-
L.I. CROSS
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

Absrac The elastic Gibbs function for DaTiO 3 introduced by
Baessom, Goswail ad Cross1 has been modifiled iy I luding
the last symmetry permitt~d sixth order term Pith 2a
oeofficient I - 4.91 a 10' Vm C-5 . The function predicts
the correct high electric field behavior of the low
temperature feorroolectic:f rroolecotrio phase changes in the
single crystal and suggests a Interesting change of sign of
the pyroslectric offet at high field levels in the Induced
tetragonal ferroolectric phase.

The shift of Curio temperature (To) under high electric bias
fields in simple proper fetroelectric crystals has been used quite
frequeatly to characterize the nature of the phase change at T
sad to obtain information as to the sign, magnitude an1

temperature depeadene of higher order terms In the Landau:
*Inzburg:Devoshire phenomenological theory.

In single crystal barium titanate (DaTiO3). MNor2 observed a
shift of Carie temperature

(!- - 1.43 x 10-3 K/kV cm4'

where the subscript X indicates measurements at constant and in
this case zero mechanical stress. TIsL datum, and the
corresponding double hysteresis loops observed at high AC f ields
In 3aTLO3 are in good agreement with appropriate Devonshire
theory.

It should be possible to use the electric field dependence of
the lower temperature forroolectric:forroolectric phase changes in
3aTiO3 to refinae a more complete three dimensional elasto-
,ieleetnic free energy, however, in the past, data on ma ro-

crystals has not extended to sufficiently large 3 field levels to
Provide a useful range to verify the 1 ree energy function.

Very recently iFesenho ad Popov have used an optical method
to determine the I field dependence of the low temperature phase



changes in DaTIOs Crystals of less than 20 pa tbickness. This
oexclleat data extends to fields up to 650 kV o - a veil above the
previously recognied breakdown strength of bulk 3aTiO.

It is the purpose of this paper to demonstrate that a
slightly extended version of the elastic Gibbs funotion used
previously by ouessom, Goswami and Cross (B6C)1 gives good
agreement between predicted and measured phase ohanges.

The basic reason for wishing to extend and refine the DOC
funetioa is to be able to ialculato the internal stress offsets I&
fine grain barium titanate I over the full range of ferroelectrio
stability to compare with recft measurements of grain size
effects in pute BaTiO oeranios'. This latter work is now in
progress.

DinWIZALRKEW

The Gibbs free energy of a perovskite type simple proper
ferroeleoctric under zero mechanical stress (Xi 0) with a non
sero eleotric field Ig applied parallel to th x asis may be
ezprossod in terus of the polarization components Pi along the
axial directions z i (i 1.2.3) of the cubic paraolectric phase in
the form

01 - - A i.-A(.-+.,-j)61 - 10 " s MP =  A( ) + '1 2 $ .--4 .p4':

1 2( 3 1 2

where 1 is tho energy of the unpolarized udeformed crystal. It "--...
is the energy difference AG1 which is of interest and whisch - - -
deteriines the ferroelectrie stability. --. L-

The expression is comiplete in all symmetry permitted terms up -.-.. "to the 6th order, but 3 is considered only in he special

direction of one of the cube axes. In Devonsh iree, only A is ' .-:..:!

functions of temperature.
The polarization conditions (in the absence of an external

field) which occur at different temperatures in the for stable.

f oelectrio phases in cTiO n are: s e pri. 'or"."

h1 "e 2 "eP8 - 0 psaelsotric cuic m m Ca) :n :"
o te 2 -- o tetrs -ons dI s)pecia

- din 0 P o 0 ortborhUbic mel ol) "-"-

If th coefficients A to I sad their temperature depondancis are

knons themurctioucnre. ue odrv lltedeet

Spha. . . . . . . . . . . . . . . . . . . . . . . .la . .

P.. . . .. ,-. P2- PS 0 paa ----------------- (a

P-2~~~ ~ ~ ~ .0 .S 0 ttasnl b



properties of the single domain states ad their raages of
stability I& sash phase.

For each phase region, the first derivative of AG1

(i-)X 31

$ives the field components I (taken to be zero). These equations
sa them be solved to yield 16, spoatsous values of Pi

The second derivatives of AOL

spinp

yield the dielectric stiffnss Xii agsa at coastant and zero
stress.

To determime the modificatioms to the PLO X11 amd phase
stability due to high mom zero values of I, ,itf simple to
substitute back Imto the original equatioms mew values of P3 o
the form

PaPs+ AP3

From the first derivative equations. values of I~correspondial
to suitably chosen AP3 increments ca be found. These mow values

o f P3g amd I2 may them be sub stituted back imto the squat ioms for
AG, aad f ori the X4  to determime *the modif icatioms to the phase
stability and to We'sdielectric stiffnss in ech phase.

ZEBU=T AMS DISCUSSION

The values of the free energy coeff icioats A through 6 were
takem from DOC. The coefficient al was chosen so as to give a
rhombobodral:orthorhoubio transition temperature of 202 1 (-7160)
ia close agreement with resent crystallographic determination.
Th. full set of values is givem in Table 1.

The, spoatascous electric polarizations were determined by
solution, of the first derivative equations with E3- 0. Values Of
AP were them chosem ad substituted back to derive the mom zero
2 Tto AP raage was cOksem to given 13 values from 0 to 600

an uI the temperature range from S0 to 300 1. New PS values
were them used to calculate the AG, &ad X~Values ad to
determine the cross over between stable solutiosad.

Figure 1 shows the T vs 93 phase diagram for 3aTiOS derived
Im this maner. The measured transition values taken from the
ezporimemts of Jeseako *ad Popov are superposed for comparison.
The treads of the two sets of values are in very $sod agreemenat.
If ws were to shse a modifiled value of I in the thermodynamic
parameters the zero field rhoubohedral:orthorhombic transition
could be raised ad the esperiaental and model values would agree
precisely. Sims, however, we wish later to model stress effects
In high purity 3aTiO3 ceramics, it appeared advisable to f is on



values whloh reproduce the best data for low field dielectric sad
crystallographic determination of the zero field transition. In
the ortkorhombio:totragonal phase change, the model predicts a
smoothly moa linear behavior V ~thoat the abrupt termination of a
shift observed above 450 V on-  in the experimental data. To are
tempted to believe that this arrest observed may be an artifact of .
the very difficult experimental conditions and that the model
predicts a more rational response.

The predictioas from the model fnnction for dielectric
permittivities st$ and a11 and for the polariation P are given -

in Figure 2. The value o 'l in the induced tetragonal phase can
be seen to Inerease narkedly with Increasing field. Presumably
the energy minimum for the 001 direction of P decreases faster
than that for the 011 minimum, thus the saddle point between them
is lowered sad the slope at the minimum will be decreased. That
533 is lowered as the minimum in the 100 direction is lowered is
not at all surprising.

A result which is much nore unexpected is the change of slope
in the? vs T curve. Clearly this menas that for fields above 200
kV on , the pyroolootric coofficient (p(T) - dPIdT) will be of
opposite sign to that with a3 - 0.

This trend suggests tht due to the shape of 93 vs T. A?
increases faster With temperature than Ps decays. Experiments are
mow being planned to test this prediction.

COMIUSIOM. ]..

ko introduction of a suitable sixth order torn

into the modified Devonshire function of BOC permits a
phenomenological description of the electric fLeld dependeoc of
the low temperature forroolectrio:frroeletric phase ohanes in
&TIO and a T vs 3 phase diagram in good agreement with

A& amexpected prediction from the model is that the
pyroolectric coefficient p(T) should change sign at high fields in
the induced totragomal phase.

1. W.I. Nuessem, L.B. Cross and A.K. Goswamit Y. Ager. Caam.
&2uL 49(1):33 (1966).

2. W1. Men, ZxA.jAX~u 91, 513 (1953).
3. 3.J. h1ibrestso and D.R. Yount, hLs.LJURo 103, 1705 (1956).
4. O.1. Feseako ad V.S. Popov, oerraslutktia 37, 729 (1981).
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Table 1. Values of constants used in the modified Devonshire
Free Energy Function.

3 4.69.z10 (T 120) 2.02 10 O 8*

3) a3.23 z108  TO' a-~

G G447 TO 0 in 5 "

4.91:0 zla C""

MVMGA lu0C.
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Calculated values of the dielectric permittivities

(iii) the electric polarization P3  P A~P

a - 0kV cm- e -400 kV cm'

b - 100kV cm- t-500 kV c' 1

c -200 kV cm -600kV cm- 1

d 300 kV c
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THE EFFECT OF GRAIN SIZE ON THE PERMITTIVITY OF BaTiO3

A.J. BELL and A.J. MOULSON
Department of Ceramics, University of Leeds, Leeds, U.K.

and L.E. CROSS
Materials Research Laboratory, The Pennsylvania State

- University, University Park, Pa. 16802, U.S.A.

Abstract Grain size effects in POlycr*YstallA1Je BaTiO are
3reviewed in terms Of the "internal stres- modal". By con-

sidering, polarization dependent. terms in the Devonshire free
energy expression, the dielectric constant~ ray te calculated
for the whole ferroelectric te.;:,peratiure region, under various
stress systems. Encoura:.,ing comparisons with measured values..-
may be made.

INTRODUCTION

Coarse grained BaTiO3 (grain size > 50 w.u) generally has a rocm
temperature dielectric constant or approximately 2000, which may

be considered to be some average of the single crystal constants,

Cia Several authors have noted that the dielectric constant
increases =aikedly with docreasineg rain size, attaining a value

of 6000 for bodies of grain siZes Of 1 pam or less(24

Kinoshita and Yamaji (5 ) have shown %'Figure 1) that above the ferr4.-
electric transition temperature, T grain 3size has no observable

cc

imately 20C in fine Sraimed material. In addition the tetragon~al/

orthorhombic and the orthorhombic/romohedral tCrazition tem,--

eratures are 10QC higher.

Based on observations (vecently c-nrr,;torated with Dy-doped
(6)material that fine grained BaTiO contains Velzy few 3C' twins,

(T)compared to coat'se grained material, Bue:sem et al. have
propcsed an internal scress model tc ex".4 trh~ dlectric measure-

ments. The stresses caused bjy the di, ion from cubl.: syrmyeary

onl passinig truhtne ferroetectric Lransition are relieved~ by



20000 Z=000'

(o. b)

sm 1. Ivas

0 W)-. 1-
-200 -100 0 too 200 -200 -100 0 100 200

TDIPLA1URE/OlEL C TOWRAIME/EC. C

Fig1 Effect of grain size on the digltric constant Fig2 Resuits of tt phenomndogica mode.'
of BaTiOl. (Rof.s) (diK0,(b1KsO (.e text.

Figure 2 shows r for zero stress and for a phase dependent K,

(K(tetr) 0.052, K(ortho) 0.082, K ~romb) = 0.205). F.,j=6000,

and the lower phase transition temperatures have increased by 100C,
(5) tosimilar to 1 Wn grain size material ( . However the large decrease

in the ferroelectric transition temperature and the accompanying

increase in C max predicted by the model but not seen experimentally,

may infer that the stress system does not develop until several

degrees below the transition, so that the onset of tetragonality

is not suppressed; or that there is a polariation-free stress

system acting-above Tc, increasing the energy of the cubic phase.
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Consider the model of a single crystallite of BaTiO3 con-
strained by an isotropic medium having the bulk properties of Poly-
crystalline BaTiO It is evident from the electrostriction

relations,

X :-c x -3 X +a P P ..4ij ijklkl - 9LjklPkP1; xij ijklkl + ijkl k 1

that the stresses on the constrained grain are a function of polar-
isation, where x are the strains, COJkl, 3ijkl the elastic cO- .

ii ijkl' i"
efficients, and k a are the electrostriction coefficients6ijkl' hidk
(full notation). It may be possible to evaluate xij and hence Xi'
by a full analysis of the model; however it is convenient to assume
a proportional relationship

.....- Kg T... (
ij ijkl k 1

where K is some constant. Substitution into equation I reduces the
stress dependent terms to two terms in P and P 2P 2i) Thus
the dielectric constant may be evaluated with K as the only in-

dependent variable.

RESULTS AND DISCUSSION 4..
For convenient comparison with measured values, the polycrystalline
dielectric constant, E, is taken as the arithmetic mean of the
single crystal values;

The free energy coefficients were taken from the iteratu 7 '"re ',
except the coefficient H, for which the value of 6.65 z 10 Vmc
was derived.

For K independent of phase the value of 5 in the tetraeional and
orthorhombic phases increases with increasing K. However, the
tetragonal/orthorhombjc and orthorhombic/rhombohedral phase Lran.-

ition temperatures also increase dramatically. 6000 is not
attained at room temperature as the material beccmes orthorhombic.

S - o



twinning in coarse grained material; however, if twinning does not

occur each grain must be subjected to a stress system opposing that

deformation. By including stress terms in the tree energy express-

ion for BaTiO3 , and.using Devonshire thermodynamic methods, it was

shown that a compressive stress along the c axis and equal tensile

stresses along the a axes of 80 MPa produces a dielectric constant

of 6000 at 250C.

THEORY

The free energy of a ferroelectric in terms of stress, Xij, and

polarisation, Pit may be given as:

Gz1 - G - s1 1 (X 1 1
2 +X2  X 33s 12 (X1 1X22+X2 2X3 3 +X3 3X"1 1 3) s 12

2* 2, 2 2(X1  23 +X +.e(a1 X +Q (X +X ))P +(a X +0 (X +X )
X122 232X312 1(1 1 12 22 33 1 .11 22 12 11 33 ) ";'

2 (X +X ))P +i0 (X ?PP +2P?+ +(
P2  (11 X33 012  11 22 3 44 12P1 e2 3 P2 P3 X3 P3P1 ) AP 1  .-

2 2 4 4 )4 ( 6~ 6 6 )DP 2  2 3 2 32 2P22+P3 )+B(? P + P 3 ) -C ( P +.6P2+P 3 ) D (P 2P 2P22P +2P32P 2):.•

P2 . 3 )B( 1 '2 ~3 1. -2 3 1 2

• G(P 1 P22+p12P2 P 3P22P3 +P3 P I +P 3 P 1 )+H P 12P23 .2.. (1)-

where sij are the elastic compliances, 0 ij are the electrostriction

strain coefficients (reduced notatio) and A,B,C,D,G,H are the free

energy coefficients. The expressions for electric field and di-

electric susceptibility are

E -z 0 ...(2)

and -

" .oeij

By applying the symmetry conditions Ifor polarization in each phase,
with each component, Pi equal to zero or + Ps, equation 2 may be
solved for Ps2 at any temperature. Substitution oI each solution

3
which satisfies % > 0 into equation 1 allows thu minimu, free

energy state and the dielectric constants to be evatuated.
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ABSTRACT

.0

Porosity in monolithic capacitors is known to be an

electronically deleterious microstructural defect. However,

the relation between the size, number, shape and location ..

of these defects and the consequent dielectric properties

of the monolith are not well understood from either a

quantitative or fundamental perspective. To enable detailed

investigations of these effects, a process has been . .

developed for the fabrication of barium titanate multilayer

ceramic capacitors with defects of known geometries,

position and number.

The fabrication process involves placing either planar

or spherical polymeric pore precursors at either

intraceramic or at the ceramic-internal electrode interface . -

during the lamination process. Details of the process,

including binder, solvents, drying and firing conditions

are presented. Scanning electron microscopy (SEM) is used

to demonstrate the reliability of the process. Electrical "-" -

property measurements indicate that increased degradation

of the dielectric material occurs with increasing porosity

and average pore size. Macrodefect location within the

multilayer ceramic capacitor structure also determines the

magnitude of the deleterious effect on the dielectric

properties. When macrodefects are introduced solely on the

same plane as the internal electrode the dielectric

constant is greater than what is observed in a multilayer

. ...-....... !. . . .
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ceramic capacitor with the same concentration of

macrodefects which have been introduced only within the

dielectric layers. These property effects are presented to

permit a more detailed understanding into property effects

due to processing related porosity.

.... ..
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PREPARATION AND ELECTRICAL PROPERTIES OF TWIN FILMS OF
ANTIIMONY SULPHUR IODIDE (SbSI)

P.K. GHOSH, A.S. BHALLA AND L.E. CROSS -
Materials Research Laboratory, The Pennsylvania State 0
University, University Park, PA 16802

Abstract The c-axis oriented thin films of SbSI are pre-
pared by the recrystallization of the amorphous SbSI films.
The recrystallized films show the pyroelectric properties
and have a dielectric capacitance between 0-.2-0.5 PF/cm 2  AD
and the tan 6 <i%.

INTRODUCTION

SbSI is one of the most important members of the large family
of AVBVICVII ferroelectric compoundsl-4 . In the ferroelectric phase
below 22*C it belongs to an orthorhombic point group ,m2, and has
very large structural and growth anisotropy along the polar c-axis.
In the case of single crystal, the growth rate along c-axis is
about 50 times faster than that of along a or b-axis. SbSI has
very interesting piezoelectric and pyroelectric properties. It also
has a large anisotropy in the dielectric properties and the dielec-
tric constant along the c-axis is "6x10 4 at the Tc. These interest-
ing properties along with its growth anisotropic characteristics
make SbSI an attractive candidate material for the study of c-axis
oriented thin films. In the past, some attempts have been made to
produce thin films of SbSI by the chemical vapor deposition and
thermal evaporation of SbSI with the purpose of studying the switch-
ing behavior and the memory effect in the semiconductor-dielectric
thin film junction5-8.

In this paper we report the preparation of single crystal thin
films of SbSI and their pyroelectric and dielectric properties.

EXPERIMENTAL AND RESULTS
Thin films of SbSI were prepared by the vacuum thermal evapora-

tion of SbSI single crystals. SbSI single crystals used as the
source material were gorwn by the Bridgman method. Evaporation was
conducted through resistance heating of a tungsten filament in a
vacuum of about 10-5 torr. Evaporation was done well below the
decomposition temperature of SbSI in order to deposit a stoichio-
metric film.

SbSI films were deposited on a variety of substrates, such as,
(a) Plain glass slides, (b) Au-coated glass slides, (c) SnO2 (F)
coated glass slides, (d) Silicon wafers.

+ .• ? .-. •3o
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temperature. During the evaporation process, the substrate tempera-
ture increased to about 80*C depending on the evaporation conditions
(e.g. source temperature, source to substrate distance, etc.).

Films thus prepared were continuous, free of cracks and pin- . -

holes. X-ray diffraction studies showed a poor crystalline nature
of the SbSI films.

Successive annealing was done to enhance the single crystal -
growth in the films. The samples were annealed in closed containers .

in a globar furnace. Several trial runs showed that the tempera-
ture range between lO0°C - 200*C was suitable for the recrystalliza-
of the films.

Two different atmospheric conditions were used for annealing,
(a) Atmospheric conditions in a closed container, and (b) Iodine
atmosphere.

The crystallized films were predominantly oriented along the
polar c-axis as indicated by the x-ray diffraction studies (Figure
1).

The relative intensity of 002 x-ray diffraction peak was taken
as the measure of the degree of preferred orientation of the c-axis
in the SbSt film. The optical microscopic studies revealed no flaws
such as cracks and pinholes in these films. SE14 studies showed the

microstructure of the films
(Figure 2). There were needle-

1002) shaped crystallites of '%0.2 U
FILM diameter size throughout the

film and those were oriented
along the length of the needles
From the typical growth behavior
of SbSI crystals, x-rays and SI-.
studies, it was concluded that

z
ZI-

.-.

40 42 44 46 48 50
086RIEs 20 FIBRS t 0.2 Pm CROSS-SECTION

X-RAY DIFFRACTION PATTERN SEM IMAGES

Figure 1. Figure 2.

-. - .- - .- . - S.. *~. -. . . . . . . . . . . ._



PREPARATION AND ELECTRICAL PROPERTIES OF THIN FILMS OF...

these needles were oriented parallel to the c-axis of SbSI. The
different parts of the film did show some relative misorientation
in the film. X-ray diffraction studies also indicated the presence
of Sb2S3 in some of the films. Such films gave a strong (002)
diffraction peak (2e 47) corresponding to the c-axis oriented *.

Sb2S3 needles..
The recrystallization behavior of SbSI films deposited on the

various substrates used in the studies was almost identical. The
films deposited on the gold or an02 coated substrates were used for
the electrical measurements. Au electrodes were deposited on such
films.

SbSI films were poled with a field of 1 KV/cm while cooling
down through the phase transition. Pyroelectric response of these -
films was measured by the Byte Roundy technique. Figure 3 shows .
the temperature dependence of the pyroelectric current of recrystal-
lized SbSI single crystal film on Sn02 substrate. Pyroelectric
current peaks up near 10C, corresponding to the Tc in the SbSI
film. The pyroelectric peak near the transition is rather broad.
It could be due to the compositional variation in the SbSI crystal-
lites. Although the effect of stresses in the film could also pro-
duce such shift in the Tc towards lower temperature. The dielectric
measurements were made on several SbSI films deposited on Au or Sn02
coated glass slides. A computer controlled HP 4274A multifrequency
LCR meter was used for the measurements. The measurements were
made at frequencies 1 K z to 100 KHz with the 50 V/cm a.c. field.
Figure 4 shows the temperature dependence of the dielectric constant.
K vs T peak showed the Tc _: 100C, lower than the Tc observed in the
single crystal of SbSI. Also there was a substantial broadening in
the dielectric maxima. The dielectric loss in the film was 4.1% over . .
the measured temperature range (Figure 5).

The broadening in the dielectric peak could be due to the
lower packing density of the crystallites and phe inhomogeneity in
the chemical composition of the SbSI needles. It is also known that . -

the shear stresses in SbSI single
crystal shifts the Tc towards ,...
lower temperatures and since the 2 Sb
heteroepitaxy films generally FILM
have the built in stresses, it
does support the lower Tc
observed in SbSI films. The low 10O
packing density, shear stresses Z 10.

and the crystalline misorienta-
tions may also be responsible
for the lower dielectric constant
of the SbSI film. Since the SbSI 0 ...._,_,_....

films are prepared on the amor- -40 -20 0 20 40

phous substrates, the orienta- TEMPERATURE (C)
tion and composition of the Sn 0 COATED GLASS SUBSTRATE

interfacial layer may also be Figure 3.

Fi~ure9-
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playing an important role in
- influencing the dielectric pro-$bSI - I KHZFIL 10 KH perties of the films. There is a

ILM "' OOK z possibility of series connections

%;100KNS of the SbSI needles in the film
especially near the interface

% %, area. Detailed studies are in
progress to investigate the effects -
of the interface layer on the
dielectric constants of SbSI films.
The capacitance of the SbSI films

. 31 . . .n s prepared was in the range ".0.2-
-M -(d o 0 0.5 UF/cm2 and with a typical
TEMP (dog C) loss factor of 1%. O

SnO, COATED GLASS S.Y RY

1) SbSI films with a high
$bSI degree of preferred orientation
FILM ' 0 KIZ parallel to the c-axis are pre-

* O0KHZ pared on the amorphous and poly- .0
100KH, crystalline substrates by the

thermal evaporation of SbSI and
subsequently annealing the films
between lO0-200C.

2) The recrystallized films
could be poled and showed a pyro-

S' electric response.
3) The well oriented films

TEMP (dog C have the capacitance between 0.2-
0.5 UF/cm2 and the typical dielec-

Au COATED GLASS tric loss tangent <1%. '

Figure 4.

SbSI
FILM I KH.

o KHZ

0 so
TEMPERATURE (CG)

Au COATED GLASS SUBSTRATE

Figure 5.
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QUASI-STATIC CAPACITtliCE AND ULTRA SLOW RELAXATION OF LI1EAf:

AND UGN-LIUEAF DIELECTRICa

ZHANG LIANGYIXG, YAO XI, H.A. MCKINSTRY AND L.E. CROSS
Materials Research Laboratory, The Pennsylvania State Univer-
sity, University Park, PA 16802

Abstract The time dependence of quasi-static capacitance of
linear and non-linear materials can be measured using a con-
stant voltage ramp method. The measured data are consistent
with a theoretical equation derived from a superposition
theorem. The capacitance of fast polarization, saturated
polarization and the time constant of the relaxation process
can be obtained using a non-linear least squares method. Ultra
slow relaxation for linear dielectrics and ferroelectrics are
reported.

INTRODUCTION

Recently, the interest in quasi-static capacitance and ultra
slow relaxation of linear and non-linear dielectrics has been
increasing rapidly. Some important structural information includ-
ing the macro-inhomogeneity of dielectrics and the ultra slow relax- - - -

ation of ferroelectrics domain can be obtained from the time depend-
ence of the quasi-static capacitance. In this new technique, the
capacitance-time dependence of the sample is measured directly.
The time constant of ultra slow relaxation of the material can be
calculated and the ultra low frequency dielectric response of the
material can be obtained using a simplc Debye relaxation formula.
This technique as well as the ultra low frequency dielectric measure-
ment1 and the DC transient measurement2 are very useful techniques
in studying the ultra slow dielectric response of the materials.

MEASURING SYSTEM AND RESULTS 0

Figure 1 is a schematic diagram of the measuring system. The
sample under study is connected to a ramp voltage source through a
high sensitivity picoammeter. Samples are held at the starting volt-
age for a time period long enough to saturate the dielectric at
chat voltage. Then the applied voltage starts to ramp down or up
toward the finishing voltage. The voltage ramp is divided into
many steps. The total current passing through the sample is taken
at each step voltage. An integrating-averaging technique has been
used to minimize the noise in the measurement of low currents. The ":'
measurement is under computer control.

JL-_
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Figure 1. Schematic diagram of the constant voltage ramp
method (a) voltage ramp from +V, (b) voltage
ramp from -V.

At any instant of time, the current measured in a high sensi-
tivity picoammeter IT Is the sum of a conduction current Ic - V/Rj
and a dielectric displacement current ID -dQ/dt. The Rj is an
instantaneous resistance at the voltage level V and the Q is the
charge stored in the capacitor. The quasi-static capacitance C
is defined as

C - ID(dV/dt)()

In order to get an accurate measurement of the quasi-static
capacitance, the separation of the displacement current from the
conduction current is very important for the samples with low
resistance measured at low voltage ramp rates. From the schematic
diagram of the measurement circuits, Figure 1, it is clearly shown
that the displacement current and the conduction current are
always opposite in sign in spite of the voltage ramping up from a
negative starting voltage or ramping down from a positive starting
voltage. Therefore, a compensation point is expected, at which
the displacement current and the conduction current are equal in
magnitude but opposite in sign. Hence, the pseudo capacitance
measured as the total current divided by the ramp rate at the com-
pensation point is zero. Figure 2(a) is an example taken for a
mica capacitor. The capacitance with respect to the applied vol-
tage measured as the total current divided by the ramp rate is, in
this case, clearly dominated by conduction. The compensation point
moved toward higher voltage when the ramp rate was increased. For
samples with high resistance or measured at a high ramp rate, the
influence of the conduction current can be small. Figure 2(b) is
an example taken for a polystyrene capacitor.. The capacitance
measured at different voltages does not change.

To separate the displacement current from the total measured
current, the zero-crossing method has been used. Clearly, at any
time when V - 0, the conduction component of current Ic must go
to zero. Thus, by starting the voltage ramp from a fixed positive
or negative voltage and by ramping at a fixed rate to zero voltage
and measuring the instantaneous current exactly at zero crossing,
the conduction may be eliminated, and the pure displacement current
and quasi-static capacitance explored. Therefore only the
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Figure 2. Relationship between the capacitance and applied
voltage of the mica capacitor (a) and polystyrene
capacitor (b).

capacitances on the zero voltage axis in Figure 2(a) and 2(b) are
real quasi-static capacitances of the samples.

The time dependence of quasi-static capacitance can be obtained
from the superposition theorem. For a linear dielectric, the
electrical displacement D(t) is given by

D(t) 6 tE(t) + ft E(t')"f(t-t')*dt' (2)

where E(t) is a function of the time that the electric field is
applied, f(t) is a decay function of the dielectric polarization.
For a constant voltage ramp and simple relaxation process, the time
dependence of quasi-static capacitance can be obtained from equation
(2) ,

C(t) - C + (Cs-C.)(1- - + a (3)
00 t t

where C. is the capacitance of the fast polarization, C is the
capacitance response to the total polarization, T is the time con-
stant of the relaxation process.

There are two alternative ways to measure the time dependence
of the quasi-static capacitance - fixing the starting voltage and _0
measuring the quasi-static capacitance at different ramp rates, or
fixing the ramp rate and measuring the capacitance from different
starting voltages. For a linear dielectric, the results of the two
methods are identical. Figures 3(a) and 3(b) show the time depend-
ence of the quasi-static capacitance of a mica capacitor and a
ceramic capacitor. The slow relaxations explored in these capaci-
tors are probably of the Maxwell-Wagner type originating from the
inhomogeneity of the dielectric and the build-up of space charge
within the dielectric. In contrast, the capacitance of polystyrene
has almost no change up to 2000 sec.

..
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Figure 3. Time dependence of the quasi-static capacitance
of a mica capacitor (a) and ceramic capacitor (b).
The solid line is the calculated curve from equa-
tion (3) fitted by computer.

The experimental data of the time dependence of the quasi-
static capacitance can be fitted to the theoretical (3) using the -
least squares method. The important parameters of dielectric,
relaxation - C, Cs , T - can be obtained. The calculated fitting
curves based on equation (3) are also plotted on the figures.

QUASI-STATIC CAPACITANCE OF FERROELECTRICS

It is expected that the time dependence of the quasi-static
capacitance can be related to the very slow processes of the domain
contribution to the total polarization. Measurements on some ferro-
electrics have also been made. Figure 4(a) is the time dependence
of the capacitance of a commercial soft PZT sample. For the poled
sample, no significant change of capacitance can be observed, while ,
for the depoled sample, a clear time dependence of capacitance is
evident. The difference of the capacitance Cs-C obtained from the
computer fitting calculation is a measure of the very slow domain
contributions to the total polarization. The time constant T can
be related to the response of the domain adjustment process to the
electric field applied. For the lead lanthanum zirconate titanate
(PLZT) with composition 8:65:35, where 8 is the substitution ratio
of lanthanum to lead, and 65:35 is the atom ratio of zirconium to
titanium, the same result as the soft PZT is shown in Figure 4(b)'.

SUMMARY

The time dependence of the quasi-static capacitance can be
measured using the constant voltage ramp method. The measured
data of the time dependence of capacitances are consistent with
the theoretical equation derived from the superposition theorem.
The capacitance of fast polarization C,. the capacitance of the
saturated capacitance Cs , and the time constant can be obtained



QUASI-STATIC CAPACITANCE AND ULTRA SLOW RELAXATION...

n

400

ibIM 1I TM[11[1..

Figure 4. Time dependence of quasi-static capacitance of a VIA.
soft PZT (a) and PLZT (b). For the depoled sample
of soft PZT, Co - 200.6 PF, Cs -266.8 PF, T -.
524.1 S. For the depoled sample of PLZT, C,, .
338.7 PF, Cs - 405.6 PF, T - 356.0 S'. I !

using a non-linear least square method to fit the experimental --
data to the theoretical equation. The method can be used to study .

the utra oflxtio iZT ()adelctr(b).For the eysowedosapl

process of ferroelectrics.
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PYROMLECTRIC PROPnTIES OF TER MODIFIED TRIGLYCINK SULPEATE
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AbA).zalt-S.verl doping substitutions (Li. Na 2,4 D , p+5,
AsF)ii the TOS structure have been studied sad the
pyrolootrio and diolotrio properties measured. In the ease
of TOS single crystals modified by partial substitution of
(P04)-3 sad (AsO 4 )- groups for the (C04)-. higher
pyrooolectric 600 ffciests and san oshas mest of the
pyroeleotric material figure of merit (p/K) ) 2 s TUS have bees woo
observed.

Single crystal triglyise sulfate (TOS) Is a widely used
materiel La the pyroolectric devices. It shows the most attractive
pyroolectric properties sad has the basic pyroolectric material
figure of neit p/K = 1.1z10-$ C/N 2K (p is the pyroolectrie
coefficient sad K is the dielectric constasnt of the crystal).
Single crystals of modified compositions of TOB such as D S. TOD.
DT3. 7Te3 sad solid solutions among these various family members
have shows eves more promising pyroolotric prop" tiosl- 7 (e. the
f igure of morit for V= -1.SzTGS).

ecenstly we have tried various ionic (Li. 3in + 2 . D+) and

radical Sroup $ As0 3 ) substitutions Ins the TOS stsuctureS- 9.
Doped single crystals of T6B are grows from the saturated solutions
of TO8 modified with specific concentrations of the respective
dopants (Fig. 1). Is this paper, we report the results of
pyroeleotric measuremests LI+ sad Na*2 doped sad phosphate sad
arsonate substituted TOt single crystals.

Single crystals of TO(SP) sad TG(SAs) were grows by slow
coolin of the saturated salutioss7 with compositions

$ (NE2C 2C0E) '(1-x)E 2 SO4"zEgPO4
and S (NE1CE2COE) (lZ)EiO 4 -'ZE3ASO4

(+a few alanaine) respectively. (010) plates of 0.5 mm thick were
prepared and costed os both sides with gold electrodes.
PFyroolectric gad dielectric properties is the temperature rangs
betwees -20oC to 700C veto measured by usiLg the computer controlled
set-up. The pyroolotric coefficiests veto measured by the Byer-
Roudy ToohiquelO.

Figures I sad 3 show the results of the pyroolectric and
dielectric measurements on the A7T(SP) a"d ATG(SAs) single crystals.
The computed values of the spoutsasous polarization (Ps) sad the
figure of merit (p/K) at various temperatures are also shows in

-_
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Figures 2 and 3. The p. Ps and p/X values are larger by a factor of
2 than those of pare TGS.

Pyrooleetzle properties of some important single crystal 0
materials of the TOB family along with ATO(SP). ATG(SAs). LTGs and
ETGS (LA + and Xa + 2 doped TUB respectively) are listed In Table 1.
Clearly the (P04)-$ sad (A804)-$ substituted T63 crystals have the
best pyroeooctric properties at the most desirable operating
temperature (-45C).

The Curie constant -4zl0$/eC of AT(SP) sad ATG(SAs) was A
calculated from the 1/ vs T plots Is the pareleeotrie region to
derive the Curie-Veiss law. The ratio of the slopes of the curves
1/ vs T (fig. 4) is the ferroeleetrie and paraelectric regions was
typically between 2-$ Indicating the dominantly second order
transition.

It is rather interesting to note that at room temperature the
spontaneous polarization In the ease of ATO(SP) and ATG(SAs) has
Increased by a factor of almost two compared to that of T68 but
there is essentially no change is the dielectric constant.
transition temperature or the crystal structure. According to the
thermodynamical model of Devonshire, the ferroeleotric behavior of

S can be described by the free energy expression

F(T) - Fo(T) + p(T-To)pl + y/4 p4 + 6E P6 + higher order terus (1)

where P. T. 6 ate related to the dieleetric stiffness and hither
order stiffness coefficients. Considering the temperature
dependence of the coofficlents l. To G. the following thermodynamic
relation ea be derived

p1(1-1) Or+C(dy/dT)pIs + (d8/dT)PI + higher order terns] (1) -

Por the ease If y. sad & are Independent of temperatures the
ezpressioa simplifies to

Pi/l-I) - Pa/C (3)

and is independent of the auaber of higher order torus considered in
equation (1).

By Including the eight order terms in equation (1). Zerem sad
Ealperni12 showed a good agreement between the calculated and
experimental values of Ps in TUB in the temperature range from To
1OOL By considering the isothermal dielectric suseeptibilityll.
Seymour et &l. fonad a much eloser agreement between the p/ and
PI/C up to 200C below To.

It appears that the large mnerease in the Ps of ATO(SP) and
AXO(US) must be contributed by the large temperature dependence of
., sand higher order terms In equation (1). This is also

evident from the p/K vs T plots for ATO(P) and ATO(SAs) (Pigs. 2
and 3). The p/K vs T curve deviates to a great ezteut from the Ps
vs T behavior suggesting that contributions from higher order terms



PYOELECTRIC PROPUTIES 01 THE NODIJIE TRiGLYCiN SULPHAT (TGs) ...

0ccur. The puzzling change of Pa and of p/1 could then be due to
either the change In the magnitude of A. y, 6 or their large
temperature dependence In these modified TOS structure.

The powder x-ray diffraction studies of the modified TOS
omposi~tions; indicate no major structural change due to (P04)_ 3 a"d
(AsO4)-s substitution, but the further vezifioastion. is needed In this
matter.

TUse the present studies suggest that AZ(Sks) and ATG(SP) are
most useful pyroelotrie materials and are quite Inexpensive to0
produce. Various solid solutions of ATGCSAs)-ATG(SP) and the effeot 4
of deuterium substitution for hydrogen in these crystals are under
investigation.
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Table 1, Pyrooletrio Properties of the 153 Family (Optium Temp.).

material .p. p-

PC/m2  08/2 (4 1 C/mI
12 5 s0 330 3.0 49 11 :. -
Os. o 19 270 62 1.4

I=1 14-16 210-240 73 1.5
DT7M 11-14 190-240 4.3 75 1.7
4.5T 40 400 3.7 49 1.0
WM170 40 560 4.6 49 1.2
AT45 (2307) 30-32 650 5.0 1 2.0
AToSAs (250) 32 700 6.0 51 2.1-2.3

(aaopted. :----
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Fig. 2. ATG(SA): Temperature
dependence of polariza- Fig. 4. ATGS'; l/1K vs T.
tion, p, K and p/K.
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TGHI (MMtk"CH A14 P11A)PURTIbE Of A NhU ALANINE AND P'IOSPIIATC
SUISSTJTI.TED TI2ICLYCLE RULPIIArK (ATUSP) CRZYSTAL-

C.S. FANG YAO XI A.S. SIMIL.u% AND L.E. CROSS
liatarisLo Rid'arul Laborato~ry, The~ Pennsylvania State Univec-
mity, University Park, PA 1660!

Abotract A *uditlud alamine do~ped triglycine stalphate (ATGS)
crystal. hass bea grown wih partial substitution of 112S04 withm
1131 04- Growth is( tie ATC;SP crystal from a unipolar ATGS seed
in the temperature range 30-40*C gives a unipaor bulk crystal
witih lower puroittlvLty (%;r %~ 30) and higher pyrooiectric
coef(14:iuat (6.5.10-4 a/k.al) tanm pura TCS. in cte dopLaq
ranou~ loved, thu Isisaher ryctvjIm%:trI%: coefficient it traced to
a slulficantly iime .spuntanwas polairizatlon Po (00 IAc/cm 2

at room temperature). Tangent 4 to below 0.01 over else whole
frequency Cause (rum 100 Ila to 100 Kihz.

INTiUI(WflCTLOU

TcLglvdne sulphate to a weiL known ferroelecric crystal which
Lot widuly massil In pyroaloctric: apoplicutions. Large crystals of very
good upical quality can be 11rown from witer solution and have been
extunsivuly aitudled. In order to modify and improve propertims for
~appi Icatiun a raunge of dulplnps' have bean tried Including; deuteriuom
sulsbclltutluti (DTGS), alanine subst~tut~on (ATCS) and substitution
of Use sutlmate. group with fliuubevilaat (urcpn)1- 7. By Hom if
Llimu siabstitutinom. theurmal dospoting %:an low reduced and cte curia

oumpet:ILurit ra aud.

fit th. Viol lowing exiserimencu, we hasve tuxpiored the effucta. of
piirtiai smsitstion of dupmsrie acid with phosphoric acid Lot the
agrislwtl ivdaue. deomontraIng that the phosphate iou can be incorpor-
utud Limti Ustructure to fOrm (Wi1:.ClzCOI)3("2S4)(j...)(113PU4)x
aibbriviatotd AT(;SP.

-Cipmarig Ionic radit S+6 (0.26A), Su~f(0.43A). 3o+1(0.4LA) and
P+(fl*31A), IL lot 110011,11 1141L 1111171117"111 that low 1evil Of H3PO4
Calli he Lflceiflmaited Wi Lhoot st ruc Lisran c hange. Hauri sorp rim ing
Isu time ruther mmilebr urfw%: to itmchl low le.vul sabsitittILion uptin thme

bim t1k lieI ar I ;. L lIm pitande ov rieI t:1 te r t r; i lunLt.

~~ Addrilam I !easidomng thal vertht, .1 main, Cheina.
"'Pfurmanort %~uafrumd: :Monaa .10oiusiga: UiIvura Icy, 'tLan. Cit Lw.

. . . . . . . . ..
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Single Crvstal, Growth

Teiglytisie sunpitte is usuaLiy ruried by tho. chlemLecaI catiun

M 3N1 cICUMI + HSo 4 (Ni1.l.,(Ot 81 'i

In tile ealse it phe'u;'horic asuLd statLtut [toot the* ruaciti'n 1-

3 IH 2Ch2COO*I + (L-x) It2 so4 + 1 I 3 P04

(Nil CH .COOH) ( L-x)H 80 Oxll 3PO

For the isLauLae substltutLon a small awunat ..r Litt Levo ;MIanlove
is vubetttuted for glyettne to; preaire the ATCSI' climpos t lion. 'rte
maturated puat of solution In ciustri'liod at 42% ;aid tile loll valise
Lu in range of 2.3-2.5.

A need crystal. of stngle dowti AT(S in tted to Laitiate
growth which proceeds; by slow cioul Ing In rite te~mperature range
from 42-35C. Coing rate aind ,crowtls eemnLttlont -ire qtite 4'lmL[;or

tat thowv isred In pusre TCS9 2.

At Is ll'O' t1-1114 /1 2 8ti raitopi, the jgroswtis !41tw I wi ~rktdiv lv *l, I cir i
riat li' top tit uity lairge, opt Ls liv c lwir om%,4LdtI 4 ;are t.*-td El v
obtained. ReprotcudwlbL it)' in uetelunt ati a ryvica Ic;, Itio~l 1 -
alot'n is Figure L(a). It wtI L loo. neot Clt the tKh.,je Its d Ia I'ot
from that of nioruat TGS. tile (Elo) r;it:c Lit vcsry wellI duvele.p..91 -told
so, euttng~ normal tit the ferrt' LevtrLc ht axis cam,, be *.viontimE~::, II
accumpIilmhd, Figure 1(b).

ismic aab:m'rpott its ;mnauVt L
VshOws 0l.1t ile 11-11'04 inc.torg'ratod
Intos tile :ry.4t;il IsIt muchI b.'I'.v

1 ~ ~ ~ b~~it* in.Le lrnet E.'u Lu the :lutI'irbo eve aiflft thwt'ehowv levo Im

TablIe I ,,,uwmirzIv.~ tiata i',.#
tiorv"' ,. ,'. a Imix.M I r -jlit lit!

- t~a, ant N'lo-e' it 1-it :gi' .' Ir i . ett '..

too v n' soo'd w - ti m'v I r isIv : itI o ,.' . I i w .*

It'iri.'firtI

F .M r . V i r w t -1 .) * pltII ..- ti*t1 M 1 . II
. .. a..
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Table 1. Tito tattIce u puramelus %oft AT(:S1 WILLS 4ilifuresit P'

In WMINp In 0uy1"i Lattice a rmeer 0

__________ __.1___ at. 43. SuZ.H12.u.2. 16114

__.__t_4._14__._116_2_ SO . 1. 14S. A m 113. a

hims ASTM casi.

Ul.iuctrit sand Py rutLLsctrit c. Iro~pertL'

L'uramIul. p'lute twimpl.s of AT(S1' for dl1olectric MctsdLew wew.
cut withs major muCefutas iurmst L, the frrtsIctrLi: b axLts and
pi.s ILled Lu Claictiaeves; In the range of 0.5 to I m. Sputtered
g.d 04luttutiu 5 m Ln dLsmucur ut appLiud u*Lng Mpilal c~ard
to lsteuLv Ulu NWWuIu frion uvorl-ullig duaring sputturitig.

The ~~st~ properties were measured by a ctimpitertzed anto- .
mauL; Uimeait 1.1 mystan with ll%:WlluLt Puickard'as new gounrot Lon or
wikranpruustior buseid equtpiiuit. The temeru.re duzpendencu of
diuL.c.tri: cuntlasst, ansd Lou*a tangunt were measured With a maiti-
frecquunuy l.LiI inu-tur, UiP 4274A1 jucd IIP 4275A with basic accuracy of
0. U'. The iumpurature dependettce of thei pommletri~i:utowl' fiLuvit land
S Mul46Itafuiviet palz.11.1 weru ivuauCtard WILla rise liP 41401 pLcump%:c4.
m..Leut. it fll 9d L5A duskutpt cotmpitur was issud for isn-Lbse contrul oft

situimut L: eismiwsrunoot, Clitiga I ip 6901411 miti tt-pr'graimmur Ia turfaq;.:.
Stswul.L sIwaruma wurm douvulsspited t~vr UmtuomiaLiC UU.AMU.Unft. l.Ltiar
tepacisurs. cdwngs. with spuigl d raites was uumily uuhiuavad. Tito
rup-rouw.b iLty of uesgurunsetLaM Oim eXtvUl lent.

lia dL#u-.-u.:rk and pyrutiLactrLe buhtaviur of AT;SP wih Low
pifuspiaa'rous cioantent (siuple L)ashcwuasn signlfleanc inmirovV01%.unc oil
i'(S; wisLig- thu; cryst.L ik Ugh4I plusmpurits ConnuLt. ample J)
uxbLaLS vury low furrulauutrity, Iuenct: tonlyaiury low pvtcsetectrl;

~.ui Lt. haL lt mclie~d 111 ytlku u ry> ial~ withs sppillrlillo. I)IhuMpioCti
s.eCtfltUit 64IVIags L2)uaI ie I(ni (*.tr: andI pyroi ut ctric
u risplv v t I 4. I "s'.-.L of1 ar muamirtgill It.-M livull thLnuu 4111 tils M r ylttal.

1;-P, .111d Ims~ L simgullf -ft LliI. X: ' tqfS1:vsaU.iL' C*ss o Us t LvaipuralJI C ti t'la
AL L11I Is~ IWC. hluuatiou %to i..t Hamaa I IIsi rutil. tit Lileau oti1m
:grtissls *its o iIIu.at e. ~ s cmivall Isu: tabacrvcJ . Thlu iSLU lUc:-
tric tcussstailL .11. rouim L.Duuap.s~tu 14 ubiacit '10, WLiIchi Is litwor lan
Chat tof wo-. LI iuiuarizut. WUS s: aystsL. i fhcu frtiutaity du'iepsteto. of .

.1 1 1us Cr1t eei$saii at. r.sism tvinaagu ras Lcarm (i thu widu~ f reqtiulUz rtllatL
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K 2 (a) and Lose tange~nt (b) or ATQSP ervictal.
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49' 10 -10 Is ,a-g1uibLe. ie lieni tumlgwmt of thle ATOsr crystal at
roe tumpuraturu is lover thaun I.lIT- 1mm t~ifmi 'me Crcetluoic ramu-9,
vimicim to compamrable with time bunt TIS inrywtads.

Tito jsyrocluctric reosedi Cf tAT:Wi-rviLtaI La Iupr.vevd wiatnL-
ri .ammt iy by time ponint stibmoit tce or pioplmpitt rier moilI I Ite
grioup lot aT;S. Vlgurs. 3 ad igsru 4 arv thit* tvampuraitro i* midt-mmv
sof sp'nntanwists ptoLartznttuu ;moW pyrmu.-i.-otrLe ceeftI tcieut ifl AT(.SP ..

t- rys ca I. Because of the chemicioi Wa~is .-Cfroa. the AT(:Sr t'rstat LA
perannentiy poled b*low time Curia temoperamtire. Tler.riort. no pre~-
Piel 11mg In needud. At rooo tuuq'orat tire. time "ipilot animnm p.i lrlXnt Lin
for AMCP is about 5- 102 C/mlz, widh Lm. mLr.ier timutn 2.84.M-i2 C/,LZ
ieE TUS. Tito pyrueLoxtrLc 'coef Lent or A11:1.41 ait rinlom toetu'r.ritmire
to about 6-7-LO-4 C/K-112 , whkhf Is mire thaun tiie tihnt o~r T;S'it
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lot vivw ad tir tatlwr low ;wasl L ic.a rissrat fain of thet phoii)I~la
Igri~ap Wi LIlV *FGN striactucu Lite wery no aor' chattga LIn I'm land isyru-
ulucrL%;%ws .:'dli~.iut [a .tmLLU u aprilng~. flust oaid(V lseatluns Co Tr-S

Cutl In ~a Large vaLtu ctitutzrsCta1graphic b paran..tcer. and a lower-
fill; (of Pg. it duly be lttd, isuvu, thant In cbsu fiausheryltc TUFII
wiali~c loas butts higher Tt: and iacgur P. titan TGS, aga.n the bs paraw-

With suetls *lgifu.Ltkit Iutirovesunt fit ityraoelectrLc parameCtrs, an
obvious nuxt etap is tu uxspLure detaturatLimit of Ctue ATUSI' and thiii
wuiri. Is nw In lircgress.

A ucumparta of A'r(;sP and TGS crystals is Sive.n in Table 2.

Table 2. lutietrl. aasd jst~evCLr!% iIapioQL ls uf dolsud T:;S
- ~iiryuSAW LaIJL COON Lvampuratou.

gali 40 X6 *ct P'-0*1 Faw 4cA.,,13 -m f.e

M Will

Asa 9 Le 16

MWO is L@ if LO ~ e

We-- wistt Lu ;htk t1r. II. Gong fur attmAw absorption speutrum
analysis.

REFEiRKNCPS

1. II. Bruziaw, Hit. gas. Bill1. .6, 401 (1971).

K.I.L. Byes, P.W. UhIpps, K.T. IKsvv aund 11.11. Jovey. FerrLatrUs
. 179 (1974).

J. J.E. (urclon andi D.C. Ikat, Furrue livatries 17, 411 (1977).

4. V. W111LUCfUldC, G. Sulstaaaak asse A. klo..pprpLepter. LFurroolu~crLes

5. E.la. Ptilty, Optchs aund I.avier Yut:. J, 15O (1971).

7. 1..*.. huvw. lK.L. live. l'.U. Whiis iAna A.U. Ansnl s, Ferroucturicm
1, 19 4 1',71).



S

S

S

S

.5

APPZNDfl 15

0

-S

S

-S

S

0



Fwemalsetuea. 1S. Val. U. pp. 257-34 # 1903 Garde md weaeh. Sleie P"Abm.a toe.
sszs-nI-/m?8o T$13.5el Printed in the Umited States of America

0

QUANTUM - FERROELECTRIC PRESSURE SENSOR

C.F. CLARK AND W.N. LAWLESS
CeramPhysics, Inc., Westerville, Ohio 43081

S.L. SWARTZ
Materials Research Laboratory, Pennsylvania State University,
State College, Pennsylvania 16802

;0

Abstract Quantum ferroelectrics are characterized by a tem-

perature-independent dielectric constant at low temperatures

( /aT-O), yet in this temperature range the Clausius-Hossotti
relation requires that the dielectric constant have a non-zero
pressure dependence (De/p 0). Consequently, a quantum ferro-

electric can be used as a cryogenic pressure sensor which is

independent of temperature and intense magnetic fields and

would be useful as a solid-state device for sensing over-
pressures in superconducting magnets. Research in the ceramic

system (Cdl-xPbx)2 (NbiyTay)2 07 has revealed a compositional
range where quantum effects dominate below 15K (i.e., 31/IT=0).
A sensor made from these ceramics will have c-ap up to 30

kbar, and such sensors can be made in the form of small (e.g.,
2x2x5 mm) multilayer capacitors. Such devices are anticipated
to have pressure sensitivities AC/.ApU 450 pF/kbar at 4.2K.

The purpose of this paper Ls to present the results of work being

done to develop a solid-state, ceramic pressure sensor useful at

liquid helium temperatures and at pressures up to at least 30

kbars.(1 ) The devices would be made from a quantum ferroelectric

compound and would have almost no temperature dependence over the

2-10 K range. This paper is divided into three parts: (1) The

background of the concept; (2) Experimental results; and (3) A

device model based on these results.

A quantum ferroelectric is distinguished from a "classical"

ferroelectric in that quantum fluctuations (i.e., zero-point mo-

tion) suppress the transition to a polarized state. The result is

a plateau in the dielectric constant over some finite temperature

[5831j/257
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range as T.O. Recent studies have concentrated on crystals of

KTaO3 and SrTIO3 and associated solid solutions which exhibit this

quantum ferroelectric behavior. (2- s) The transition temperature in

these systems can be changed by substitution of small amounts of

different tons in the compound. e.g. Nb for Ta it KTaOg.

The pressure dependence of the dielectric constant is un-

changed and may be related to the compressibility of the material

through the Clauslus-Kossotti formula as given by Bosman and .

lavinga. (6)

- (1/3) (c-1) (c+2)B ((

where B is the compressibility and n Is the polarizability of a

small macroscopic sphere of volume V. For v>t-l

3pT - (2)

where M- 1/38 (at-l)n . Equation (2) is equivalent to:
atnv

( 3)T "(

and Equation (3) has been verified experimentally for K1TaO3 by

Abel. (?)

Neither the KITaOj system lior the SrTLOI system would be suit-

able for pressure sensors. Ceramics in the KTaO, system have un-

controllable losses of K20 during formation and sinRle crystals are 0
expensive. SrTiO ceramics have two disadvantagen: (1) The re-

fractory ceraming temperatures (',|1500C) lend to well-documented

irreproducibilities and [oss oF dopnnt/suhstitutiolil ions; and,

more seriously, (2) The quantum regime appears limited to . 4 K

with little hope of raising this boundary.

The recent work (in the KTaOi svceem showed that a ferroelec-

tric transition could be induced in a known quantum ferroelectric

,.... •.-.. ". ... .. • .



QUANTUM -FERROELECTRIC PRESSURE SENSOR [5851/259

by substituting Nb ions on the Ta site. By analogy it might be

possible to make substitutions Into a known ferroelectric and

Induce quantum ferroelectric behavior. The dielectric constant of

Cd2NbZO7 pyrochlore system with Pb substitutions on the A site and

Ta substitutions on the B site has been Investigated by Jona, et

al.(8) They found a suppression of Tc from 185 K to 50 K when the

Pb or Ta substitutions were varied from 0 to 20 mole LOur work

has Investigated this system by making both Pb substitutions on - .-

the A site and Ta substitutions on the B site. The system has the

general formula (Cdi..xPbX) 2(Nbi-yTay) 207. .

110

100

900

0 5~~01015

T K

FIUR I Deeticosatvru.onirt o
(Cuioo .2) 0N.0i.02(7

ou okhsbe ucsflInmvn h ytmit h
quntamreim. igir Ishwste ieecri cusan a afuc

tUno eprtr o yia opudi h unu eie
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x-0.20, y-0.80. Figure 2 shows data for a smaller temperature

range of the best compound found so far, x-0O.60, y-0.50.
.0

4-.

S199.80-
4-0

C
0 199.50-
U

199.40'

199.30
5 10 15

T(K)

FIGURE 2 Dielectric constant versus temperature for
(Cd. ePb.e)2 (Nb. s0Ta.o) 207..

In general, making either Pb or Ta substitutions lowers the

transition temperature until a limit of about 7-8 K is reached.

All the compounds have shown a slight peak even when Tc is low

(cf. Fig. 2), but the peak never is below 7-8 K even when the com-

pound is clearly in the quantum regime. This behavior also holds

for single-crystal, quantum ferroelcetric, KTaOj whLch has a

slight peak around 3 K.( ) For the C( 2Nb2.0 7 system the maximum

dielectric constant (i.e., at Tc) Is lowered as x and y increase,

but c remains high evtough (,.,20)0 ror x-0.60, y-O.50) or a pressure

sensor to have a large pressure sunsitivLt v (cf. E,'. 2).

The selection crLteria for the best mater-al for a pressure

sensor nor only take into account the ftlatness over as large a

temperature range as possLble, bit also [nclude keepLng the diel-

ectric constant as large as possible and keeping the Ta content as

0

.. .°
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low as possible. The dielectric constant should be high in order

to maximize the pressure sensitivity (cf. Eq. 2), and keeping the S

Ta concentration low keeps the ceramic sintering temperature low.

Of the combinations analyzed, the compound with x-0.60, y-0.50 was

the best choice given the above criteria.

With the measurements on this material as shown in Fig. 2, it

is possible to describe the characteristics of a real device. For

a 2x2x5 mm device size it would be possible to manufacture a . "

multilayer device of 66 layers, each with a dielectric thickness

of .002921 cm and an uverlip area of electrodes of .0570 cm. The

capacitance of the device at 4.2 K would be 22.77 nF.

The pressure sensitivity depends on the value of M in Eq. 2.

This parameter has yet to be determined for our system. However,

Lt has been determined for other ferroelectrics over a range of

temperatures(7) and for Cd2Nb2 O7 at room temperature.(0) H does

not vary greatly and a reasonable assumption would be M_ -I4"

(kbar)-1 fur our material. Then for our model device at 4.2 K

()Cp)T - 450 pF/kbar

On a six place General Radio capacitance bridge the smallest de-

tectable capacitance change would be 0.1 pF or, equivalently, 0.22

bars. If the temperature is between 4 and 9 K, but otherwise un-

known, then the uncertainty in capacitance would be 2.8 pF due to

the slight temperature variation of e in this temperature range,

and the corresponding uncertainty in pressure would be 6.2 bars.

Around 4 K the temperature sensitivity of the capacitance is 0.7

pF/K. A typical temperature uncertainty for a system at liquid

hel Lum temperatures might be .050 K. This uncertainty would be

equi vlet to a pressure uncertaLnty of .077 bars, i.e., less than

the maximum readable sensitivity of a six-place bridge.

There are a number of tests to be run before a practical de-

vice is available. Actual multilayer devices are presently being Ar-

. . .. . . . . .. . . . . . .. . . . .
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fabricated and these will need to be tested for stability within

a single cool-down and for reproducibility from cool-down to cool-

down. The magnetic field dependence will be dctermined at the

National Magnet Laboratory at HIT and mensurements of the constat-.

H in Eq. 2 will be mride at Satidln NatLo ial Lab,,r:atories. -
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Responsible DOD Organization: Office of Naval Research
Department of the Navy
Arlington, VA 22217

Contract No.: N00014-82-0190

Performing Organization: Lehigh University
203 R. Paker Ave.
Bethlehem, PA 18015

Principle Investigator: Dr. Donald Smyth.

25. (U) Degradation rates of BaTLO$-based oeramic dielectrics have been

measured at stresses of 4 Kv/cn at 100*C and 1 W/sm at 2000C as a function of

composition and nicrostruoture. The results are consistent with previous .

suggestions that degradation Is caused primarily by the migration of oxygen

vacancies. BaO-rich and highly donor-doped samples both show particular

resistance to degradation, with excess BoO having a capability for .

counteracting the usual deleterious defeats of acceptor impurities. Those two -.

compositional types are related through the nods of compensation for donor

impurities, and similarities in their nicrostructure have been observed.

Grain. size variations from 1-10 microns had no effect on the degradation rate

of undoped BaTiO3 with Ba/Ti - 1.000. Ca-doped BaTIO$ has bean studied due to

reports of a commercial dielectric capable of being oftred with nickel

electrodes and which showed excellent stability. It has been shown that Ca

acts as an acceptor-dopant when Ba+Ca/Ti greater than 1, i.e. when there is an

excess of alkaline earth cations, apparently by partial occupation of Ti-sites

in the structure. This has been confirmed by comparison of the intensities of

characteristic x-rays as a function of electron beam orientation in individual

grains (a technique known as ALCKNI). These Ca-doped materials showed very

poor degradation resistance, however.

Ti Degradation Nechanisms in Ceramic Dielectrics, D.N. Smyth and N.P. larmer,
August 1, 1983
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Responsible DOD Organization: Of f ice of Naval Research
Department of the Navy
Arlington. VA 22217

Contrac t No.: N00014-82-9-0313

Performing Organization: Rutgers University
College of Engineering
P.O. Box 909
Piscataway, NY 08859

Principle Investigator: Dr. W. Roger Casnon -

25. (U) A series of screening tests on approximately seventy dispersants led

to only three which showed excellent dispersion effectiveness. These were

imphos 21-A. a phosphate ester (Whitco Chemical Co.) Menhades f ish oil

(Kellog), a fatty acid and sonyl A (DuPont) an. ethoxylate. Further studies on

the phosphate ester indicated that 0.AS addition was optimum and that settling

f actors as high as 70% could be achieved. It was proposed that the excellent

dispersion effectiveness of the phosphate ester was related to the Ionization

& of the ester which imparted a larger positive charge to the surface and helped

anchor the long chained molecules to the surface as well as helped achieve

double layer repulsion.

Ti Deflocculants for Tape Casting Barium Titanate Dielectrics. W. Roger

Cannon, July. 1983.
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Respoasible Da Organization: Office of Naval Research
Department of the Navy
Arlinton VA 22217

Contract No.: N00014-82-K-0312 . "

Performing Organization: Rutgers University
College of lagiseering
P.O. BoX 909
Piscataway, XT 08859

Principle Investigator: Dr. John B. Bum

25. (U) The dispersion of a slurry by ultrasonic agitation was compared to

that of bell milling. It was found that the ultrasonically dispersed slurry

settled slower and to a denser compact. Further is has a lower viscosity and

was less agglomerated. iztures of two different particle-size distribution

BaTiO3 powders were made. The mixtures were incorporated into a tape casting

slurry and the slurry viscosity, green tape density and green tape strength

were evaluated. Broadening the partiale-size distribution of a fine, narrowly

distributed powder resulted in lower slurry viscosities and higher green tape

densities. The broadened distribution also resulted in a green tape with a

lower tensile yield stress and greater deformation before failure. A deep

level spectroscopy (LTS) system has been designed and assembled. Calibration

fo the components of the system and preliminary.

Ti Iproved Particle Size Distribution for Tape Casting BaTIO3 and a DLTS
Study of Grain Boundaries in BaTIO3. by John B. Blum, June, 1983.
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Responsible DW OrSamixation: Office of Naval Research
Department of the Navy
Arlington, VA 22217

Contract No.: N00014-82-K-0336

Performing Organisation: University of Missouri-Rolla
222 Fulton Hall
Rolla. A 65401

Principle Investigator: Dr. Harlan V. Anderson

25. (U) A computer interfaced current-voltaSe system was developed. The

system allows for the simultaneous measurement of curren t-voltage

Charsoteristics on ninety different specimens under ten different conditions. TO

As apparatus to measure thermally stimulated currents for capacitor dielectric

materials was also developed. Initial measurements of thermally stimulated

currents on a variety of dielectric compositions (17R, Z5U, NPO) were carried ..

out. The interpretation of the measurements remains to be done.

T.R., H. Anderson, 'Current Status of Dielectric Studies.' August. 1983
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Responsible DOD Organization: Office of Naval Research
Department of the Navy7
Arlington, VA 22217

Performing Organization: University of Illinois .
Department of Ceramic Engin~eering
Urbana, IL 61801

Principle Investigator: Dr. l.C. Buchanan

23. (U) The objective of this work Is to investigate the feasibility of

fabricating dense, optically transparent ceramic compounds by liquid phase

sintering.

24. (U) Several compounds have been identified in other research programs as

having potential for optical (MI window applications. Among these are Zr02"

3A1203 , 23102 and complex germanates. Fabrication paths using reactive liquid

phase sintering of these refractory ceramic compounds will be explored. This

would entail selection and/or development of suitable liquid phase additives

for the different compounds and optimization of process variables to achieve

maximum densif Loation. Sintering kinetics. process characterization,

nicrostructure and properties are also a focus of this study.



Responsible DOD Orgaization: Off ice of Naval Research
Department of the Navy
Arlington. VA 22217

Contract No.: N00014-83-K-0168

Performiag ouganizat ion: Virginia Polytechnic Inst itute and
State University
Blacksburg, VA 24061

Prineiple Investigator: Professor L. Burton

25. MU The voltage and temperature dependence of leakage currents were -

measured on new sad degraded 17R and ZSU dielectric materials. Ohmic.

Schottky and space change limited currents were observed. Above 1 volt space

charge limited currents were the dominant type of current for degraded

materials. Activation eneorgies were typically I eV for pristine materials and

zero for degraded materials. The electrical measurements data were modelled a.
In terms of grain boundary or trap activation energies. New and degraded

capacitors were cross sectioned (both by fracture and polishing) and

characterized by SIM/EDAI methods. No lead penetration Into the ceramic body ®

was observed.

L.l. 'Conductivity in Dielectrics,' L. Burton. September, 1983.



7,S

Responsible DOD Organization: Office of Naval Research
Department of the Navy
Arlington. VA 22217

performing Organization: Pardue University
'West Lafayette. IN 4790

Principle Investigator: Professor 1. Vest

23. (11) Missile guidance systems require one hundred percent reliable .

operation of their electronic components. The objective of this research is

to explore new methods for fabricating high quality aultilayer ceramic

dielectric$.

24. (UJ) The approach will involve the exploration of metallo-organic

precursors as a meas of engineering the molecular and microstructural

characteristics of the dielectric material. Research on organic precursors

and solvents will be carried out. The effects of thermal treatments on the

resultant chemistry. microstructure. and structure will be defined. The. --

required Ink chemistry and processing condition to produce high quality.p

uniform. continuous films will be determined.
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Responsible DO Organization: Office of Naval Research
Department of the Navy
Arlington. VA 22217

Contract No.: N00014-83-C-0141

Performing Organisation: Noneywell
Ceramics Center
5121 VWinetha Avenue North
Now lope, NN 55428

Principle Investigator: Dr. Barry Ioopke

25. (U) All samples for the first phase of the work have been received. These

included approzimately 300 special BeTIO3 multilayer ceramic plates which will

be used for determining the effects of chemical and electrical environments on

slow crack growth as a function of orientation. Remnants of these specimens

after test will be used for stress reaction measurements. In addition, 200

BaTiO3 nultilayer capacitors were received which will be used for static

fatigue measurements. The testing equipment has been fabricated, installed

and calibrated. Full scale testing will be started as soon as a now strip

chart recorder has been received.

TZ Progress Report on lultilayer Cracking by Kelly D. Nleonry. August 15.
1983.
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